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Abstract
CO2 capture by trapping the greenhouse gas in clathrates hydrates is proving to be
one of the promising options for long term carbon storage. This technology is desirable
as it can be deposited in the deep ocean where the suitable pressure and temperature
is ready without any extra cost. To date, this method has mostly been of academic
interest because the formation of gas hydrates is very slow and requires lots of energy
and resources. It is important therefore to develop an efficient and economical process
to be able to apply this method at an industrial scale. Scientists and researchers have
been looking for suitable additives to accelerate the formation of CO2 hydrate. To meet
these objectives numerous additives have previously been tested and several were found
to be suitable hydrate promoters. The mechanism for the formation of gas hydrates in
the presence of additives is not clear yet. Understanding this mechanism would help
us to select and synthesise the most suitable and cost effective additive.
In this thesis, two groups of chemicals i.e. salt and hydrophobic particles were added
to the hydrate formation reactor and examined. Initially sodium halides were tested
for their effect on the kinetics of the formation of CO2 hydrates in an isochoric system.
The effect of different anion types and concentrations was investigated by directly
measuring pressure and temperature changes in the reactor and evaluating maximum
CO2 uptake, conversion, storage capacity, induction time, and hydrate growth rate.
The results indicated that sodium halides at a concentration of 50 mM (mmol/L)
increase CO2 consumption and conversion to hydrates. In addition, sodium iodide and
sodium bromide in a range of concentrations between 50 and 250 mM significantly
increased the hydrate formation kinetics. Measurements of the surface potential of
CO2 hydrates formed in the presence of sodium halides showed negative charge on
hydrates with the highest zeta potential observed at the concentration of 50 mM. The
findings of this part of the research led us to propose a mechanism for the formation
of CO2 hydrates in the presence of sodium halides.
The second group of additives extensively investigated in the current research were
hydrophobic nano–particles. Two types of hydrophobic fumed silica were studied.
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They produced two types of particle stabilised systems when mixed with water (i.e.
silica foam and dry water). The influence of particle hydrophobicity and concentration
on hydrate formation kinetics was established by monitoring gas consumption, CO2
conversion and induction time. The morphology, microstructure, and pore character-
istics were elucidated by cryogenic scanning electron microscopy (cryo–SEM), and the
elemental distribution and composition were determined by X–ray energy dispersive
spectroscopy (EDS). The results indicated that the promoting effect of hydrophobic
fumed silica was dependent on the particle hydrophobicity and on the weight ratio of
silica to water. The kinetics of CO2 hydrate formation were enhanced effectively by dry
water i.e. the most hydrophobic silica particles. To identify the role of dry water on
promoting the formation of gas hydrates, the specific structure of dry water was stud-
ied using high–resolution X–ray micro computed tomography (HRXMT) technique.
Using this method the inner structure of dry water was characterised quantitatively.
Useful data on the statistical characteristics (number, surface area and volume distri-
butions) of dry water were successfully obtained. This technique was also successful
in characterising the structure of dry water and coalescence of droplets after exposure
to low temperature, high pressure and stirring. To provide further insight into the
adsorption of gas molecules at the water–solid interface, the surface (zeta) potential
of the hydrophobic fumed silica particles in aqueous system before and after exposing
to N2 and CO2 gas was measured. The measured Zeta–potential indicated that gas
molecules accumulate at the water hydrophobic solid interface when it is saturated
with gas. From the collective results obtained a new mechanism was inferred for the
promotion of gas hydrates by hydrophobic fumed silica.
The overall conclusions produced during this body of research are: sodium halide
solutions are CO2 hydrate kinetic promoters at low concentrations of approximately
50 mM. CO2 hydrate formation was found to be enhanced in the presence of hydropho-
bic nano–particles. The influence of hydrophobic particles on water structure and the
formation of a gas layer around hydrophobic particles, are the main reasons for this
effectiveness. However, the special structure of dry water also plays an important role
and boosts the formation of hydrates. All in all, any additive (e.g. salts and hydropho-
bic particles) that influences the structure of water can affect the formation of gas
hydrates. Depending on the level of perturbation on water structure, additives can
promote or inhibit the formation of gas hydrate. The concept of this research could
assist to design a novel process for the capture and permanent storage of CO2 in the
form of gas hydrate.
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Chapter 1
Introduction to Gas Hydrates
1.1 Clathrate Hydrates
A clathrate (from the Latin clathratus, meaning enclosed or protected by crossbars) is
a chemical substance of a lattice that traps or contains molecules. The host molecule,
crystallises with a structure that contains polyhedral cavities in which atoms or small
molecules of a second component, the guest molecule, can be trapped (Cotton et al.,
1995). Clathrate hydrates (gas hydrates) are a group of solid crystalline nonstoichio-
metric compounds, in which gas molecules remain engaged as guest inside the host
lattice of water molecules. Such compounds resembling ice or snow are formed when
some volatile molecules or light gases, such as the components of natural gas come into
contact with water at appropriate temperatures and pressures (typically T < 300 K
and P > 0.6 MPa) (Sloan and Koh, 2008). Water molecules that are connected by hy-
drogen bonds form cages or cavities to encapsulate the guest molecule. The main reason
for gas hydrate existence is the ability of water molecules to form a lattice structure
through hydrogen bonding under suitable conditions (Kelland , 2006; Mandal and Laik ,
2008; Ganji et al., 2007a). Most of these structures are stable at high pressure and/or
low temperature and are mainly dependent on the size, shape, and chemical properties
of the guest molecules (Oshima et al., 2010). However, the empty hydrate lattice is
thermodynamically unstable, and stabilisation may occur through the inclusion of the
second component (Van der Waals and Platteeuw , 1959). Guest-molecule repulsions
cause water cages, to open and combine to form well defined crystals (Sloan, 2003).
The basic building block for clathrate hydrate crystals is a polyhedron with twelve
pentagonal faces (512) shown in Figure 1.1.
Gas hydrate research has a long history. Gas clathrate hydrates were first doc-
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Figure 1.1: The basic building block of the clathrate hydrate crystal structure: a
dodecahedron with twelve pentagonal faces and water molecules at each of its vertices.
A methane molecule is shown inside the water cage.
umented in the early part of the nineteenth century (1810) by Sir Humphrey Davy
(Koh, 2002; Loveday and Nelmes , 2008). However, it is believed that other scien-
tists, including Joseph Priestley (1790), may have observed their existence before this
date (Sloan and Koh, 2008). Since then clathrate hydrates remained an academic
curiosity until the 1930s. During that time researchers mostly worked to identify all
of the compounds which formed hydrates or quantitatively described the compounds
by their compositions and physical properties. In 1934 it was corroborated that hy-
drates plugged natural gas pipelines frequently at temperatures above the ice point
(Hammerschmidt , 1934). This discovery initiated a new research area of gas hydrate
inhibition. The next important incident was the discovery of naturally occurring hy-
drates which are estimated to store as much as double the amount of energy of all
fossil fuels combined (Makogon, 1965). The discovery of naturally occurring hydrates
prompted further study into hydrate kinetics and thermodynamics in the bulk phases
and porous media. It was recognised that small, especially hydrophobic species, were
able to form solid hydrates (Ripmeester , 2000) and many clathrate hydrates have been
found involving most simple gases (e.g. nitrogen, oxygen, argon, methane) as well
as larger molecules (e.g. tetrahydrafuran) (Loveday and Nelmes , 2008). This led to
another area of research where hydrates are used as a mean of separating gases and
water, or storing mass and energy. Harrison et al. (1995) proposed trapping carbon
dioxide as a hydrate in the bottom of the ocean as an alternative to reduce atmospheric
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carbon dioxide concentration. Moreover, the storage and transportation of natural gas
in the form of gas hydrates have been studied (Chatti et al., 2005).
In summary, gas hydrates, depending on where they are located and the nature of
their formation can be threats or opportunities simultaneously (Chatti et al., 2005).
Gas hydrate issues can be categorised into three groups: (1) Gas hydrates as threats
to the environment as they have the potential to change the earth’s climate leading to
increased global warming. (2) Gas hydrates as opportunities as a future energy source
(Demirbas , 2010; Englezos and Lee, 2005), means of transporting and storing natural
gases (Rogers et al., 2005), storage of CO2 in natural gas hydrate reservoirs (Chow
et al., 2009), water desalination and gas separation (Eslamimanesh et al., 2012). (3)
Gas hydrates as a nuisance in the petroleum industry by plugging oil and gas production
pipelines and causing costly operations (Kvenvolden, 2000; Rojas and Lou, 2009; Sun
et al., 2011; Vu and Shultz , 2011; Zeng et al., 2006).
Although the thermodynamic and structural properties of gas hydrates have been
studied extensively for two centuries, there still remains a need for a fundamental un-
derstanding of the mechanisms of gas hydrate formation, decomposition, inhibition and
promotion. Understanding these mechanisms is the key point of any further improve-
ment in technologies and chemical additives for controlling gas hydrate formation.
Research in this field will strongly affect our environment and our secure supply of
energy.
Unlike the traditional studies, which focus on avoiding hydrates in oil and gas trans-
mission lines, this work provides experimental information relevant to the promotion
of CO2 hydrate formation. However, the surface chemistry and morphological studies
within this thesis provide valuable tools and information toward fundamental under-
standing of hydrate formation mechanisms.
1.2 Objectives of the Thesis
It is the purpose of this thesis to give a greater understanding of the mechanism of
the formation of gas hydrates in the presence of additives. To achieve this purpose the
kinetic of the CO2 hydrate formation in the presence of various additives have been
investigated to characterise the hydrates formation process. Interfacial and imaging
techniques, including zeta potential, X–ray Computer Tomography (XCT) and cryo-
genic scanning electron microscope (cryo–SEM) are used to study the effect of additives
on water and hydrate structure in order to understand the mechanisms by which addi-
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tives delay or accelerate the formation and growth of CO2 hydrates. The scope of this
work can be summarised by the following objectives:
The steps to study the effect of salts on the formation of gas hydrates:
1. Measurement of the kinetics of the formation of CO2 hydrate in the presence of
salts
2. Examination of the effect of anion type and concentrations on the kinetic of the
formation of CO2 hydrates
3. Investigation of the presence of ions in hydrates by means of AAS spectrometer
4. Measurement of the surface potential of the hydrates formed in saline water
5. Investigation on the effect of sodium halides on the molecular structure of water
6. Proposing a possible mechanism for the formation of hydrates in the presence of
sodium halides
The steps to study the effect of solid particles on the formation of gas hydrates:
1. Measurement of the kinetics of the formation of CO2 hydrate in the presence of
two hydrophobic silica particles
2. Examination of the effect of particle type (level of hydrophobicity) and concen-
trations on the kinetics of the formation of CO2 hydrates
3. Examination of the structure of dry water (powder like mixture of hydrophobic
fumed silica and water) using high resolution X–ray micro–computed tomography
(HRXMT)
4. Characterisation of hydrate crystals formed in the presence of two hydrophobic
particles using cryo–SEM and EDS
5. Investigation on the adsorption of gas molecule at the hydrophobic surface of
silica particles
6. Proposing a possible mechanism for the formation of gas hydrate in dry water
1.3 Organisation of the Thesis
The dissertation is organised in seven chapters including three manuscripts presented
in chapters 4 to 6. General clathrate phenomena, various categories of additives used
for gas hydrate mitigation, prevention or promotion as well as the research focused
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primarily on CO2 as hydrate former are reviewed in chapter 2. The experimental
apparatus used in the current work and the relevant procedure to study the kinetic of
hydrate formation are explained in chapter 3. This is followed by kinetic studies of
CO2 hydrate formation in the presence and absence of sodium halides in chapter 4.
A unique material called dry water and its special structure is extensively studied in
chapter 5 for its application in promoting gas hydrate formation. In chapter 6 two
types of particle stabilised systems of air–in–water foam and water–in–air powder are
investigated and discussed for their influence on hydrate kinetics and their structure.
Finally, an overall conclusion and some suggestions for future work are presented in
chapter 7.
5
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Chapter 2
Literature Review
2.1 Introduction
This chapter provides a review of the literature on gas hydrates. The literature review
has been organised into five sections which summarise the different studies in the field
of gas hydrate and the knowledge gaps that have prevented the development of an
environmentally sound process. Section 2.2 offers an introduction to the structure and
general properties of gas hydrates. In section 2.3 the kinetics of hydrate nucleation
and growth is reviewed. In section 2.4 various additives which have been used in both
laboratory and industrial scale to control (promote or inhibit) the formation of gas
hydrates are reviewed. This is followed by an overview on the proposed mechanisms of
hydrate formation in the presence of additives e.g. surfactants. The research with the
main focus on CO2 as hydrate former is reviewed extensively in section 2.5. Finally,
section 2.6 summarises the main conclusions drawn from reviewed literature.
2.2 Gas hydrates, Structure and Properties
Gas hydrates (or clathrates) are crystalline water based solids physically resembling
ice, in which small gaseous molecules (CH4, C3H8, CO2, H2) are trapped inside “cages”
of hydrogen bonded water molecules. Clathrate hydrates are not chemical compounds;
inside the cage guest molecules interact with water molecules by van der Waals forces
and does not interfere with the hydrogen bonding of the lattice (Sloan and Koh, 2008).
Therefore, the formation and decomposition of clathrate hydrates are first order phase
transitions, not chemical reactions. Most low molecular weight gases, as well as some
7
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higher hydrocarbons form hydrates at suitable temperatures and pressures. Gas hy-
drates from a single guest are described by the general formula M–nH2O, where M is
a molecule of hydrate–forming gas, and n is the ratio that indicates the quantity of
water molecules associated with 1 molecule of gas (n varies from 5.75 to 17).
Development of fundamental knowledge about gas hydrates is important for all
the gas hydrate related issues mentioned in Chapter 1. Early correlations derived
from measurements on hydrates in the 1800s, could not be understood properly until
around 1950 when X–ray diffraction measurements gave a structural understanding of
clathrates (Ripmeester , 2000). Most common natural gas hydrates belong to one of
the three crystal structures I, II and H. In 1951 structure I and II were proposed by
Claussen (1951) and verified by Stackelberg and Muller (1951) using x–ray analysis.
Later on Ripmeester et al. (1987) discovered structure H. A few other clathrate hydrate
phases have also been identified. These other clathrate hydrates include new phases
found at very high pressure conditions (i.e., at pressures of around 1 GPa and higher at
ambient temperature conditions) (Loveday and Nelmes , 2008; Sloan and Koh, 2008).
All hydrate structures have repetitive crystal units composed of asymmetric, spherical–
like cages of hydrogen–bonded water molecules. Each cage typically contains at most
one guest molecule, held within the cage by dispersion forces (Sloan and Koh, 2008).
The three hydrate structures are illustrated in Figure 2.1 . The cubic hydrate crystals
(sI and sII) have 2 different cage sizes but the hexagonal one (sH) has 3 different
cages. Generally, one type of guest molecule is enough to stabilise the hydrate, except
for sH hydrate that requires two different sizes of guest molecules. Structure I is
formed with guest molecules having diameters between 4.2 and 6 A˚, such as methane,
ethane, carbon dioxide, and hydrogen sulphide. Nitrogen and small molecules including
hydrogen (d < 4.2 A˚) form structure II as single guests. Large single guest molecules
(typically 7 A˚ < d < 9 A˚) such as iso−pentane or neohexane (2,2–dimethylbutane) can
form structure H when accompanied by smaller molecules such as methane, hydrogen
sulphide, or nitrogen (Sloan and Koh, 2008).
2.3 Hydrate Formation Kinetics
The kinetics of formation and decomposition of gas hydrates is an important area of
hydrates research. The first kinetic model was proposed by Englezos et al. (1987)
with only one adjustable parameter for the formation of methane and ethane gas hy-
drates. This work provided a sound basis for the description of gas hydrate formation
kinetics using crystallisation theory coupled with the mass transfer phenomena at the
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Figure 2.1: SI has 2 small cages composed of pentagons (512) of hydrogen–bonded water
molecules and 6 large cages composed of hexagons and pentagons (51262). In each unit
cell of SII, there are 16 small cages formed of pentagons (512) and 8 large cages formed
of hexagons and pentagons (51264). Structure H is composed of 3 pentagons (512), two
435663 cavity and one 51268 cavity guest molecules. (Strobel et al., 2009).
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gas–liquid interface. The nature of hydrate formation process is more physical rather
than chemical. It starts when a guest comes in contact with a host under suitable
pressure and temperature. Nucleation and growth are two major stages of the process
of hydrate formation. Therefore, the time required for hydrate formation initiation
(induction time) and the rate of growth of hydrate crystals are two time dependent
fundamental factors which should be considered in hydrate kinetic studies (Englezos ,
1993). Nucleation and growth may be affected by many factors, such as subcooling,
pressure, temperature, previous history of water, composition, and state of the gas hy-
drate forming system (Makogon et al., 2000). All these factors limit the experimental
research activities of hydrate formation kinetics. In the following sections these two
stages will be discussed.
2.3.1 Nucleation of Gas Hydrates
Hydrate nucleation is a microscopic phenomenon during which small clusters of water
and gas (hydrate nuclei) grow and disperse in an attempt to achieve critical size for
continued growth (Sloan and Koh, 2008). Nucleation in general is a complex and
stochastic process especially before reaching a steady–state regime, where a steady–
state nucleation occurs, which makes the prediction of hydrate onset unlikely (Kelton
et al., 1983, 1996; Koh et al., 2011).
Studies on the mechanism of hydrate nucleation started decades ago. The first
mechanism was proposed for the hydrate nucleation process by introducing a new
induction nucleation parameter which is guest:cavity size ratio (Sloan and Fleyfel ,
1991). The hypothesised mechanism consisted of a series of consecutive reactions,
progressing from the stable species (ice, gas and liquid water film) to the formation of
labile species within the liquid film at the ice interface and finally to the beginning of
crystal monotonic growth species with the attainment of a critical hydrate radius. This
hypothesis was verified based on only two reproducible sets of kinetic data available at
the time for gas hydrate formation from an agitated ice surface. However, it proposed
a means of guiding experiments for the next refinements and corrections. Later on an
extended mechanism was proposed by Christiansen and Sloan (1994) for the kinetic
of hydrate formation. The proposed mechanism was composed of two parts: (1) the
formation of clusters of hydrogen bonded water molecules around different sizes of
apolar molecules, and (2) the joining of these clusters to create a hydrate nucleate.
This mechanism called “labile cluster” hypothesis is one of the two main hypotheses
suggested for hydrate nucleation. The other hypothesis is “local structuring” proposed
by Radhakrishnan and Trout (2002). In labile cluster hypothesis liquid water molecules
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are arranged around a dissolved solute molecule in a “pre–hydrate” structure, with
essentially the correct coordination number, while in the local structuring hypothesis
the “pre–hydrate” structure consists of a locally ordered water–guest structure rather
than individual hydrate cavities.
The formation of natural gas hydrates begins with either a heterogeneous or ho-
mogeneous nucleation event (Anderson et al., 2005). In a homogeneous nucleation,
hydrate formation takes place in a single phase containing no impurities. In a het-
erogeneous nucleation, hydrate formation takes place in the presence of two or more
phases, and/or impurities, which serve as nucleation catalysts. Further research to
validate these hypotheses were focused on MD simulation rather than experiments due
to both their stochastic and microscopic nature, and the timescale resolution of most
experimental techniques (Sloan and Koh, 2008).
2.3.2 Growth
Following the nucleation process, the hydrate growth and coalescence of the crystals
occur that lead to the formation of a solid mass. Growth processes are very fast re-
actions especially during the early growth periods. A conceptual picture for crystal
growth combined with either the labile cluster or local structuring hypotheses for nu-
cleation is proposed and described in the literature (Sloan and Koh, 2008). During
the growth process, mass and heat transfer and the nucleation parameters including
displacement from equilibrium conditions, surface area, agitation, water history, and
gas composition, become of major importance. In the proposed picture of hydrate
growth a combination of three factors have been considered: (1) the kinetics of crystal
growth at the hydrate surface, (2) mass transfer of components to the growing crystal
surface, and (3) heat transfer of the exothermic heat of hydrate formation away from
the growing crystal surface (Sloan and Koh, 2008). For a multicomponent system con-
taining chemical additives, such coupled heat and mass transfer is a complex process to
explain mathematically. In addition, studying the kinetics of hydrate nucleation and
modelling of hydrate growth require a lot of experiments to be performed. However,
only limited amounts of accurate data exist for the crystal growth rate after nucleation.
Unlike the stochastic hydrate nucleation process, the hydrate growth rate can be
quantified which increased the chance of developing more hydrate formation models
(Abay , 2011). Quantification and analysis of experimental hydrate growth data are
mostly implemented using a simple but powerful method. In this method the real gas
equation is employed. However, the analysis method will be slightly different depending
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on the system being constant–volume or constant–pressure. For the constant–volume
hydrate system (similar to the experimental set–up used in this work), the hydrate
growth leads to a pressure drop. This can give an estimation of the amount of hydrates
formed in the liquid phase. More details about this method will be given in Chapter
3.
2.4 Effect of Additives on Hydrate Formation
As mentioned previously (in Chapter 1), gas hydrates can be opportunities or threats.
Therefore, to control the formation process of gas hydrates is of importance in all gas
hydrate applications. Various types of additives have been examined in order to change
the hydrate formation condition, storage capacity, induction time and growth rate. In
the literature additives are mostly divided to two main groups: hydrate inhibitors and
promoters. Surface–active agents (Ando et al., 2012; Ganji et al., 2007a,b; Gayet et al.,
2005; Lin et al., 2004; Lo et al., 2012a; Okutani et al., 2008; Rogers et al., 2007; Sun
et al., 2007; Yoslim and Englezos , 2008; Yoslim et al., 2010; Zhang et al., 2004), salts
(Chapoy et al., 2012; Masoudi et al., 2005; Mohammadi and Richon, 2009; Paricaud ,
2010; Salako et al., 2012; Vu et al., 2002; Zhang et al., 2010), solid particles (Linga
et al., 2009a; Park et al., 2006; Park and Kim, 2010; Park et al., 2010; Prasad et al.,
2012; Seo et al., 2005; Seo and Kang , 2010) and other additives (Heidaryan et al., 2010;
Kelland , 2006) have been used to slow or accelerate hydrate formation. Understanding
the effect of additives on the formation of hydrates and developing a conceptual picture
of hydrate formation in the presence of additives is the main focus of the current PhD
study. Accordingly, all types of hydrate additives which have been reported in the
literature will be reviewed in the following sections.
2.4.1 Hydrogen Bonding Fluids
The first group of chemicals which have been used widely for hydrate prevention are
hydrogen bonding fluids such as methanol, other alcohols and glycols which are the tra-
ditional thermodynamic hydrate inhibitors (THIs). The energy industry injects these
fluids, into the flowing stream at the wellhead to avoid flow blockage. THIs shift the
thermodynamic stability boundary of hydrates such that the equilibrium dissociation
curve is displaced to lower temperatures and higher pressures by aggregating with
water molecules and preventing their arrangement into a hydrate lattice.
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Makogon et al. (2000) studied the effect of thermodynamic inhibitors on the ki-
netics of hydrate formation and dissociation from several types of apparatus in static
and dynamic conditions, and suggested that the thermodynamic inhibitors change the
structure of water away from that favouring hydrate formation. In the mixture of
methanol and water, water molecules form a disordered hydrogen bonded cage around
the methanol molecule.
Vu and Shultz (2011) studied the interaction of methanol with water–propane com-
plex concerning the role of methanol in the nucleation step of propane clathrate for-
mation. In that work the interaction was probed with infrared spectroscopy. Water is
known to interact with propane via the oxygen lone pairs and the propane methylene
hydrogens. The experimental results showed that methanol does not have a direct
interaction with propane which is consistent with an inhibitory mechanism in which
methanol competes with propane for the oxygen atom of water.
Predictive models for the hydrate formation in the presence of methanol have also
been developed (Anderson and Prausnitz , 1986; Chen and Guo, 1998; Munck et al.,
1988; Robinson and Williams , 1986). It is believed that the organic inhibitor does
not enter any hydrate cage; therefore, in most computational modelling studies an
interaction parameter is introduced to consider the inhibitor–water or guest–inhibitor
interactions in vapour + liquid equilibrium. Many of the proposed models are adequate
for engineering applications; however, more accurate models need to be developed.
2.4.2 Low Dosage Hydrate Inhibitors (LDHIs)
The traditional method for preventing hydrate plugs is not always the best environmen-
tal or economic solution. THIs are effective only at high concentrations (10–60 %wt.
in the aqueous phase). Annually, oil and gas companies spend over 500 million U.S.
dollars on hydrate prevention via methanol injection (Anderson et al., 2005), with
significant economic costs and potential environmental effects. Consequently, a new
family of chemicals called low dosage hydrate inhibitors (LDHIs) have been researched
and developed over the past 20 years as an alternative method to control gas hydrates.
LDHIs are more satisfactory from economical, operational and environmental point of
view. They are generally divided into two main categories: kinetic hydrate inhibitors
(KHIs) which are generally water soluble polymers and anti–agglomerates (AAs). Both
can induce one or more of the following effects (Yousif , 1994):
• Delay the appearance of the critical nuclei
• Slow the rate of hydrate formation
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• Prevent the agglomeration process
Some research has focused on molecular simulation approach based on sophisticated
methods from theoretical chemistry to study the nucleation process of clathrate hy-
drates (Anderson et al., 2005; Storr et al., 2004). It was shown that LDHIs reduce
the degree of structure in the surrounding water which would presumably increase the
barrier to hydrate nucleation. Two mechanisms were hypothesised and investigated
using molecular simulations (1) as potential guest molecules become coordinated by
water, form nuclei, and begin to grow, nearby inhibitor molecules disrupt the organi-
sation of the forming clathrate, and (2) inhibitor molecules bind to the surface of the
hydrate crystal precursor and retard further growth along the bound growth plane,
resulting in a modified planar morphology. The chemistry and history of the devel-
opment of LDHIs have been extensively reviewed by Kelland (2006). He emphasised
that to understand the mechanism of kinetic hydrate inhibition more work on molec-
ular modelling of hydrate–water–polymer interactions in an aqueous environment is
required.
2.4.3 Electrolytes
The effects of salts and electrolytes on thermodynamic, kinetics and predictive mod-
els for gas hydrate formation have been investigated for different aims. These aims
–depending on the application of gas hydrates– can be divided mainly into 3 groups:
(1) in drilling fluids and pipelines, salts such as chlorides are used as thermodynamic in-
hibitors; (2) seawater desalination and producing potable water by gas hydrate process
and (3) storage of CO2 in ocean in the form of gas hydrates.
Drilling: Chloride inhibitors are present at high concentrations in drilling fluids
(also called drilling muds) which are complex mixtures composed of several solids sus-
pended in a liquid phase and may contain water in the form of a continuous solution
(water–based mud) or in emulsion in a mineral oil (oil–based mud). These fluids have
important functions in the drilling process, such as lubricating the drilling tool, main-
taining the hydrostatic pressure in the well, and evacuating the cuttings (Dalmazzone
et al., 2004). A number of accidents suspected to be caused by hydrate in the mud
during deepwater drilling operations were reported (Barker and Gomez , 1989). In
laboratory scale the formation of hydrate in simulated drilling fluids was observed in-
dicating that for many of the fluids studied, hydrates could be formed at relatively
low pressures (< 2, 000 psig) (Lai and Dzialowski , 1989). The conventional response
to drilling fluid formulation to inhibit gas hydrate formation in water–based drilling
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fluids has been the use of salts or combinations of salts with water–soluble organic
compounds to decrease the likelihood of gas hydrate formation. Sodium chloride con-
centrations of 20 %wt. or greater have been used for drilling deep offshore Gulf of
Mexico wells for several years (Halliday et al., 1998). One salt/glycerol–based spotting
fluid has been developed by Hale and Dewan (1990) for its inhibiting effect on hydrate
formation in deep water applications. Later on 16 fluids varied in composition from
pure water to complete drilling muds were investigated and showed that the salt and
glycerol content of water in mud dominated hydrate formation (Kotkoskie et al., 1992).
To a lesser degree other mud additives such as bentonite, barite, polymers, etc. col-
lectively promoted hydrate formation slightly. Another type of water soluble organic
thermodynamic gas hydrate inhibitor was developed which were two types of organic
inhibitor added to various concentration of NaCl (Halliday et al., 1998). In all of the
above mentioned fluids salt was an essential component.
Seawater desalination by gas hydrate: Over the last several decades desalina-
tion technologies have become mature enough to be a reliable source for fresh water
from the sea. However, a significant amount of research and development has been
carried out to constantly improve the technologies and reduce the cost of desalination.
Gas hydrate formation technology was employed firstly by Parker (1942) to produce
potable water from seawater. After that a number of companies and research groups
developed hydrate based desalination plants and studied kinetics and separations in
continuous flow systems (Barduhn, 1968; Barduhn et al., 1962). Recovery of water from
pulp mill effluents and 2.5 %wt. NaCl solutions through propane hydrate formation
was investigated by Ngan and Englezos (1996) in an apparatus in which hydrate nucle-
ation, growth, separation, and melting occur in one vessel. The average reduction in
the salt content of the recovered water from the NaCl solutions was found to be 31%.
The main difficulty in using this process is separating the crystals from the concen-
trated brine solutions and the removal of dissolved hydrate former from the recovered
water. This still remains a challenge in this area, therefore the process remained in
pilot scale. More recently Park et al. (2011) suggested a new apparatus and method to
easily extract dehydrated high–density gas hydrates from a reactor containing hydrate
slurries.
Storage of CO2 in the ocean: Among various applications suggested for gas
hydrates, the storage of CO2 in the ocean in the form of hydrates is an attractive and
promising one. For this purpose, Dholabhai et al. (1993) studied the equilibrium con-
ditions of carbon dioxide gas hydrates in pure water, and single and mixed electrolyte
solutions containing NaCl, KCl, and CaCl2. Peng et al. (2009) measured the lateral
growth rates of a CO2 hydrate film on the interface of gaseous CO2 and an aqueous
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NaCl solution. They showed how NaCl concentration and the subcooling degree affect
the hydrate formation rate. The results indicated that at a specific temperature and
pressure the film growth rates decreased with the increasing NaCl concentration and
the film thickness became thicker at a higher NaCl concentration.
Although some research has been conducted on this application of gas hydrates,
most of them focused on pure water or using promoters. More study on the effect of
salts on the formation of greenhouse gases hydrates is needed.
Phase equilibria and predictive models: The effect of electrolytes on the ther-
modynamic of gas hydrates of different hydrate formers has been investigated from
different perspectives. For example, to investigate the possibility of the storage of nat-
ural gas as hydrates in salt holes in the crust of the earth, De Roo et al. (1983) studied
the conditions of methane hydrate formation and phase behaviour in saturated and
unsaturated solutions of NaCl in the region where the methane hydrate occurs. For
the first time, they presented and discussed the phase diagram of the ternary system
CH4–H2O–NaCl. Later on Dalmazzone et al. (2004) proposed complete phase diagrams
for the systems CH4–H2O–NaCl and CH4–H2O–CaCl2 at 2 MPa and 10 MPa methane
pressure by comparing the results of the experimental study of the stability limits of
methane hydrates with model computations in solutions of NaCl and CaCl2 at concen-
trations ranging from pure water to saturated solutions. In the book by Berecz and
Balla-Achs (1983), other salts were discussed for their hydrate inhibiting effects. On
the basis of the changes induced in the hydrate equilibrium conditions by additives,
the inhibiting effect of various salts was discussed, and salts were classified according
to their inhibiting activities. An experimental study of the equilibrium condition of
a mixture of methane and ethane in pure water and 3 %wt. NaCl solution showed
that the presence of 3 %wt. NaCl solution decreases the equilibrium temperature by
approximately 1 K at constant pressure (Maekawa, 2001).
A vast majority of research into salt and hydrates have focused on predictive mod-
els for the formation of hydrates in the presence of salts. In 1981, the thermodynamic
model of Parrish and Prausnitz (1972) was modified by Menten et al. (1981) for the
purpose of determining the hydrate inhibiting effect of salts. The equilibrium of cyclo-
propane hydrate formation conditions from water containing KCl, CaCl2, and CH3OH
was tested and it was shown that the proposed model was fairly successful to predict
the inhibition effect of these salts. Englezos and Bishnoi (1988) developed a com-
puter implementable methodology for the prediction of hydrate formation conditions
in systems containing light hydrocarbon gases and aqueous solutions of single or mixed
electrolytes. The proposed model was a valuable tool for the investigation of the gas
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hydrate formation conditions in environments such as sea or ground water. Two years
later the proposed method was used to calculate the depression effects of single or mixed
electrolytes. The predicted pressures were compared to the experimental pressure for
methane hydrate formation in aqueous solution of 3 %wt. NaCl and 3 %wt. NaCl +
3 %wt. KCl or methanol (Englezos et al., 1990).
On the basis of a thermodynamic approach Tohidi et al. (1995) developed a predic-
tive model for phase equilibria calculations in the presence of electrolyte solutions. In
this method an equation of state (EOS) was used, combined with a modified Debye–
Huckel electrostatic term, with only one adjustable parameter for the water–rich phase.
This model demonstrated good agreement with the experimental data of NaCl, KCl,
CaCl2, Na2SO4, NaF, NaBr, MgCl2, SrCl2, BaCl2 and their mixtures.
The liquid phase containing water and electrolytes is not an ideal system. To de-
scribe this non–ideality, Zuo and Stenby (1997) first modified the extended Patel–Teja
EOS and then used that modified EOS combined with a predictive model. This calcula-
tion method was successful at the time to predict the gas hydrate formation conditions
in aqueous solutions of single and mixed electrolytes.
In the model developed by Englezos and Bishnoi (1988), the statistical thermody-
namic model of van der Waals and Platteeuw was coupled with the available activity
coefficient model for electrolyte solutions. In this model the effect of the dissolved gas
component on water activity in aqueous solution was neglected. Therefore, it produced
good results only for systems with substances sparingly soluble in water (e.g., light hy-
drocarbons, nitrogen), whereas, for soluble gases (such as CO2) it led to systematic
errors, due to the significant effect of soluble gas on water activity. Thus, modifications
on the model were required to better predict the formation condition of CO2 hydrate
in aqueous electrolyte solution. To predict both phase equilibria and cage occupancy
of methane hydrate and carbon dioxide hydrate in gas–water binary systems Sun and
Duan (2005) proposed a model using atomic site–site potentials to account for the
angle–dependent molecular interactions with parameters directly from ab initio cal-
culation results. This model could predict the phase equilibria of CH4 hydrate and
CO2 hydrate in binary systems over a wide temperature–pressure range with accuracy
close to experiment. They then combined this model with the Pitzer model (Pitzer ,
1973; Pitzer and Mayorga, 1973) to predict phase equilibrium of methane hydrate and
carbon dioxide hydrate in aqueous electrolyte solutions without fitting to any addi-
tional experimental data (Duan and Sun, 2006). The parameters of Pitzer model was
re–optimised for temperatures below 25 ◦C using experimental data from the literature
at the lowest temperature.
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A new predictive model capable of accurately predicting the phase behaviour, gas
hydrate stability zone and potential salt precipitation in single and mixed electrolyte
solutions was presented by Masoudi et al. (2004). In this model the water–salt, gas–salt
and salt–salt binary interaction parameters were determined. The model predictions
were in a good agreement with available independent experimental data. This model
was then developed and utilised to predict the hydrate inhibition effects of salts and
organic inhibitors (Masoudi and Tohidi , 2010). The new thermodynamic model in-
cluded the effect of salt–organic inhibitor interactions on hydrate inhibition. In this
model the interaction between electrolytes and organic inhibitors was precisely taken
into account to develop guidelines for maximum hydrate inhibition effect of salts and
organic inhibitors without any salt formation problem. The model was next employed
to examine the maximum inhibition locus in aqueous solutions of salts and organic
inhibitors, and it was shown that, higher concentration of organic inhibitors is better
for hydrate prevention rather than salts.
Anions and cations: In all the above mentioned studies on the effect of salts on
the formation of gas hydrates, electrolyte solution was generally studied as a whole.
Therefore the obtained results could not answer the question as to what the specific
roles either cation or anion play in affecting gas hydrate stability in an electrolyte solu-
tion. For this reason, research was conducted both experimentally (Lu et al., 2001) and
by means of molecular dynamic simulation (Qi et al., 2012). The experimental study
on the hydrate stability conditions in various electrolyte solutions interestingly showed
that cations and anions play different roles in inhibiting hydrate formation. It was
found that gas hydrate stability condition in electrolyte solution is mainly determined
by anions but comparatively few by cations. This difference is qualitatively attributed
to the difference of cations and anions in affecting the ambient water networks due
to their hydration characteristics in electrolyte solution. The findings from MD sim-
ulation were also compatible with these experimental results. The simulations results
showed that Na+ ions have a smaller effect on the crystal structure deformation and
the equilibrium pressure of the hydrates than Cl ions, as 4Na+ ions may be contained
in a unit cell of the hydrates. Furthermore, it was shown in that study that a pair of
Na+–Cl– ions can be included in a unit cell of the hydrates and gas hydrates may not
be salt–free completely, i.e., 0.07 %wt. salinity at least.
2.4.4 Surfactants
Surfactants are the largest group of additives which have been investigated extensively
by gas hydrate researchers. In 1993 some surfactants that promoted hydrate growth
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were found in screening surface active agents for slowing or preventing hydrate forma-
tion in the oil field (Kalogerakis et al., 1993). In addition, it was reported by Tohidi
et al. (1996) that the methane hydrate formation rate increases when liquid methylcy-
clohexane is added and the rate depends on the amount of methylcyclohexane added.
The anionic surfactant, Sodium Dodecyl Sulphate (SDS), has been the most popular
surfactant used in gas hydrate studies. Zhong and Rogers (2000) observed that the
rate of ethane hydrate formation is about 700 times higher in 284 ppm aqueous SDS
solution than the rate for ethane hydrate formation in pure water. They observed
similar behaviour with natural gas. In other studies it was indicated that the effect
of the anionic surfactant, SDS, on natural gas storage in hydrates is more pronounced
compared to the effect of non–ionic dodecyl polysaccharide glycoside (DPG) (Sun et al.,
2003a,b). In these studies SDS, DPG and their mixtures have been examined in a
quiescent system for their ability of increasing the formation rate of gas hydrate and
improving hydrate storage capacity.
Lin et al. (2004) studied the formation and dissociation kinetic behaviours of methane
hydrate in the presence of SDS, and determined the critical SDS concentration of
650 ppm corresponding to a maximum storage capacity of 170 V/V. The critical con-
centration of SDS reported in the literature is slightly different from one to another.
For instance, the results of another experimental study by Sun et al. (2007) showed that
the presence of SDS promoted the hydrate growth when its concentration was lower
than 1000 mg/L whereas, it inhibited the hydrate formation beyond this region. The
concentration of SDS corresponding to the most efficient promotion was determined to
be 500 mg/L or so.
The mechanism of the formation of gas hydrates in the presence of SDS has been
the focus of much research. To understand the mechanism of the promoting effect
of SDS, Sun et al. (2004) hypothesised that, because the nucleation of hydrate is
in part an interfacial phenomena, an interfacial property such as interfacial tension
of gas and water may have great influence on the hydrate formation rate. It was
then suggested that the surfactant reduces the gas–liquid interfacial tension so that
gas–liquid mass transfer is improved. Based on this hypothesis and by measuring
the interfacial tension of methane and water with SDS near the hydrate formation
conditions, it was found that the interfacial tension of the solutions decreases steeply
with the addition of SDS. The critical micelle concentration (CMC) of SDS in methane
and water solution is about 500 ppm and the interfacial tension remains constant with
further increase in SDS concentration. This work was continued by studying the effect
of pressure on the CMC of SDS and demonstrated that the CMC and the saturated
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surface excess concentration decreased with the increase of pressure (Luo et al., 2006).
By that time researchers ascribed the effect of SDS on hydrate formation mainly to
the formation of micellar aggregates which should help in solubilising the hydrocarbon
gases into the micellar core, thus enhancing their solubility in water and hastening
the process of hydrate formation (Zhong and Rogers , 2000). However, measuring the
CMC of many surfactants under hydrate–forming conditions, no micellar formation was
observed for any surfactants in the concentration range where strong hydrate promotion
was previously reported (Di Profio et al., 2005).
Despite the long history of the investigation and hypotheses that have emerged to
explain the process of formation (nucleation) and growth of hydrate crystals the mech-
anism of formation is still unknown (Yoon et al., 2008). Moreover, understanding of
such a system in the surfactants solution is even more complicated than in a pure water
system. Much research targets the mechanism of hydrate formation in the presence
of surfactants. Consequently, a number of hypotheses were suggested and investigated
(Tajima and Yamasaki , 2009; Zhang et al., 2007). These studies, mostly relate the
action of the additives with changing the mass transfer resistance, acceleration or pre-
vention of the hydrate crystal agglomeration and changing the surface properties of
water due to the adsorption of ions and surfactants. For instance, Gayet et al. (2005)
observed that in the presence of SDS, hydrates grew mainly on the reactor walls as a
porous structure. They suggested that dissolved SDS prevents hydrate particles from
agglomerating; they then grow along the reactor wall as a porous structure, which ab-
sorbs the liquid from the bulk to the crystallisation front where the gas–liquid interface
is renewed and hydrates grow at a high rate without any mechanical agitation. Fig-
ure 2.2 shows the mechanism proposed for the formation of hydrate in such a system.
In another study by Zhang et al. (2007), it was assumed that SDS monomer molecules
can align in the gas–liquid interface. Then, the hydrate nucleation may begin from the
reactor wall of the gas–liquid interface where the temperature is the lowest due to the
coolant circulation and finally, gas hydrates grow upward on the wall by transferring
the SDS liquid solution to the porous hydrates by capillary force. The hydrate growth
in the liquid film at the gas–liquid interface was analysed using a diffusion–reaction ki-
netics model. It was concluded that SDS not only increases hydrate nucleation rate by
reducing the interfacial tension between hydrate and liquid but also accelerates hydrate
growth rate by increasing the total surface area of hydrate particles and the gas–liquid
interfacial area. Figure 2.3 illustrates the mechanism proposed by Zhang et al. (2007).
The results of the direct observation of the hydrate film formed at the surface of gas
bubbles indicated that without SDS the appearance of the hydrate film was smooth
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Figure 2.2: Illustration of hydrate formation and growth in water solution of SDS
on side wall of the reactor: (1) capillary suction of the solution and (2) propagation
direction of the hydrate crystallisation front (Gayet et al., 2005)
Figure 2.3: Possible mechanism for methane hydrate formation under SDS (Zhang
et al., 2007)
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Figure 2.4: Speculated mechanism of the hydrate formation on the bubble surface (a)
without SDS and (b) with SDS (Tajima and Yamasaki , 2009)
and homogeneous whereas, by adding SDS, the hydrate film formed with a rougher
and heterogeneous surface and had a loose structure (Tajima and Yamasaki , 2009).
It was therefore suggested that the enhancement of the gas hydrate formation by the
SDS addition is attributed to the mass transfer through the loose hydrate film and
the surface renewal by the film collapse. Figure 2.4 illustrates the mechanism of the
formation of gas hydrate in a static mixer containing inflow gas bubble in contact with
the water phase. It shows that the nucleation of hydrate occurs at the interface of the
bubbles and the water phase. The growth of the hydrate will follow the nucleation, and
the surface of the bubbles will be covered with hydrate. Once the hydrate is formed,
direct contact of water and gas will be prevented by the hydrate itself. Without SDS,
the nucleation and growth of the hydrate film will take place from pure gas and water,
the hydrate film will be composed of “pure” hydrate crystal, and some defects of the
hydrate film will be recovered by further hydrate growth. This was suggested as the
reason for the smooth and homogeneous appearance of the hydrate film formed without
SDS.
Zhang et al. (2008) hypothesised that, understanding the interactions between SDS
and gas hydrates provides insight into the role of SDS in promoting gas hydrate for-
mation. Therefore, they investigated the relationship between Tetrahydrofuran (THF)
hydrate induction and SDS adsorption at the hydrate/liquid interface. Zeta–potential
and fluorescence measurements techniques were used to elucidate the adsorption mech-
anism of DS– at the hydrate/liquid interface. It was shown that the short induction
in the presence of SDS is due to the adsorption of DS– at the hydrate/liquid interface.
This study was extended by Lo et al. (2010b) to better understand the role of SDS
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in promoting the formation of hydrate. In that study, the effect of SDS on the water
structure around cyclopentane (CP), at the hydrate–water interface was studied using
surface–enhanced Raman spectroscopy (SERS). They found that the water structure
around CP at the water–hydrate interface is identical to the hexakaidecahedron (51262)
cavity of sII hydrates at a SDS concentration higher than 0.087 mM.
In another research, Lo et al. (2010a), obtained the adsorption isotherms of SDS
(anionic surfactant), and dodecyl−trimethylammoniumbromide (DTAB) (cationic sur-
factant), on CP hydrates. The results showed that, the isotherms of both SDS and
DTAB exhibit a two–plateau (L–S) type. Based on this finding, they proposed the
adsorption mechanism of surfactant on clathrate hydrates and discussed the role of
surfactants in enclathration. Figure 2.5 demonstrates the proposed adsorption mech-
anism. At relatively low concentrations, surfactant chains lay down on the surface,
with both headgroups and tails attaching to the surface. This configuration results
in a decrease in the net surface charge for anionic surfactant adsorption, because one
anionic surfactant chain occupies more adsorption sites than other anions that con-
tribute to the negative surface charge of hydrates in the absence of any surfactants. As
the surfactant concentration in the aqueous phase increases, tails of surfactant chains
start to align parallel to each other. The main driving force for this configuration
transformation is the hydrophobic force. The change in the configuration of adsorbed
surfactant chains comes from the hydrophobic interaction between surfactant chains.
In the lie–down configuration, both the head groups and alkyl chain tails favour the
hydrate surface because the hydrate surface allows for hydrogen bonding and is also
slightly hydrophobic. As the surfactant concentration in the bulk aqueous solutions
increases, more surfactant chains adsorb on the surface, whose head–groups prefer to
interact with the surface. This factor, combined with the hydrophobic force between
surfactant chains, causes the configuration change as the surfactant concentration in-
creases. With a further increase in the surfactant concentration, a monolayer in which
headgroups attach to the surface with tail orienting toward the aqueous phase forms.
This explains the existence of the first plateau on adsorption isotherms of SDS and
DTAB. Surfactant chains in this layer act as the adsorption sites for further surfactant
adsorption, which proceeds via forming another layer in which tails interact with those
in the first layer with headgroups orienting toward the aqueous phase. Finally, a sur-
factant bilayer occurs once the space between surfactant chains of the first layer cannot
accommodate more tails, resulting in a second plateau on the adsorption isotherm.
Zhang et al. (2010) reported that addition of a small amount of NaCl (1 mM) into
20 ppm SDS aqueous phase enhances methane hydrate formation. This finding led
Salako et al. (2012) to extend this research to study the effect of NaCl on the adsorption
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Figure 2.5: Schematic of surfactant adsorption on clathrate hydrates (Lo et al., 2010a).
of SDS at the CP hydrate–water interface. For this purpose, three salt concentrations
of 1, 10 and 25 mM were examined and it was found that the presence of salt can
affect the SDS adsorption behaviour. They proposed an adsorption mechanism of SDS
in the presence of NaCl. At the initial stages of adsorption, before the monolayer
coverage, the DS– ions adsorb onto the CP hydrate–water interface with their tails
in a “lying down” configuration because the SDS tail has hydrophobic interaction
with guest molecules (CP) while the headgroup form hydrogen bonds with pendant
hydrogen of water cages. The location of Na+ ions is assumed to be close to DS– and
Cl– ions and Cl– ions compete with DS– ions for adsorption sites. Figure 2.6 depicts
a pseudo–monolayer coverage (at approximately 0.01 mM SDS/g of hydrate) with the
tails of the adsorbed DS– ions still lying down at the interface with some of available
hydrogen bonding sites occupied. Since the monolayer saturation appears in a narrow
SDS concentration between 0.75 and 1.5 mM, the pseudo monolayer may easily steer to
bi–layer formation to stabilise the adsorption process with headgroups exposed to the
bulk aqueous phase. At the beginning of the bi–layer formation (∼0.012–∼0.016 mM
SDS/g of hydrate), the tails of DS– ions in the bulk and the tails of the DS– ions
adsorbed on the CP hydrate–water interface begin to interact, resulting in the tails of
the adsorbed DS– ions having a “stand–up” configuration. The vertical positioning of
the tails that were previously in “lying down” configurations on the CP hydrate–water
interface exposes more DS– ions to hydrogen bonding sites at the CP hydrate–water
interface.
The isotherms in Figure 2.6 quantify the SDS adsorption with different NaCl con-
centrations. From the adsorption isotherms, the effect of NaCl on SDS adsorption and
the role of SDS in enclathration can be better understood. The adsorption isotherm
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Figure 2.6: Adsorption isotherms of SDS with 0, 1, 10 and 25 mM NaCl solutions
and proposed adsorption schematics. The circles in the schematics represent Cl– ions
(Salako et al., 2012).
of SDS onto the CP hydrate/water interface without any salt was determined and the
type of isotherm was identified as Langmuir–Step (L–S) type with the amount of SDS
adsorbed at the first step of the L isotherm and the second step of the S isotherm
reported as 0.01 mM and 0.02 mM SDS/g of CP hydrate, respectively. Figure 2.6
shows that the SDS isotherms with 1 and 10 mM NaCl solutions still follow the L–S
type adsorption behaviour.
Lo et al. (2012a) later employed attenuated total reflectance infrared (ATR–IR)
spectroscopy to address surfactant effects on CP hydrate/water interfaces. The spectral
data showed that above 100 ppm SDS, the hydrate interface possesses the water–like
state facilitating further hydrate growth as well as the ice–like state for facile nucleation.
ATR–IR also confirmed the lying–down configuration of SDS at 100 ppm SDS, where
the free to bonded OH band ratio is higher than at other concentrations.
Rather than SDS, other surfactants have also been investigated. Based on the chem-
ical structures, three anionic, cationic and non–ionic surfactants with the commercial
name of LABSA, Dehyguard Dam (DAM) and Ethoxalate have been examined for their
effect on the formation kinetics of gas hydrate and their ability as hydrate promoter
(Karaaslan and Parlaktuna, 2000). It was found that the overall hydrate formation
rate was increased with the use of anionic surfactant for all concentrations tested. The
effect of a non–ionic surfactant was less pronounced compared to an anionic one. The
cationic surfactant showed two opposite behaviours at low and high concentrations. It
was only effective as a promoter at low concentrations.
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Based on the alkyl chain length, Okutani et al. (2008) chose three sodium alkyl
sulphates. SDS, sodium tetradecyl sulphate (STS) and sodium hexadecyl sulphate
(SHS), which are appreciably different in the alkyl chain length, were used in that
study. It was shown that, SDS with the shortest alkyl chains and the highest in–
water solubility among the three homologues was very effective for increasing both
the rate of hydrate formation and the final water–to–hydrate conversion ratio, if its
concentration is adjusted to ∼1000 ppm or above. However, equivalent promotion was
available with STS at a much lower concentration of ∼100 ppm. In this respect, STS
was more favourable than SDS for use in the hydrate–forming engineering processes.
On the other hand, SHS with the longest alkyl chains and the lowest solubility was less
effective in increasing the rate of the hydrate formation, compared to SDS and STS.
The effects of three surfactants, Tween 20, SDS and linear alkyl benzene sulfonate
(LABS) on the sulfur hexafluoride –one of the most potent greenhouse gases which
must be separated or collected from waste gas streams– hydrate formation rates were
investigated (Lee et al., 2009). It was suggested that the kinetic promoter behaviour
of all surfactants was due to the increased SF6 gas solubility and/or gas filling rate in
the hydrate cavities with the surfactant additives.
2.4.5 Solid Surface and Particles
Solid surfaces and particle beds are another group of materials which have been studied
for their effect on the formation of gas hydrates. Since natural gas hydrates exist in
shallow sediments the influence of sediment matrix on the formation and accumulation
of gas hydrate has been the subject of much research (Riestenberg et al., 2003). To
better understand the distribution of hydrate, liquid, and gas phase in relation to
sediment matrix, Tohidi et al. (2001) used micromodel experiments to directly observe
the behaviour of gas hydrates at the pore scale. The results of microscopic observation
of gas hydrates in silica glass micromodel, a synthetic porous media, showed that
clathrates in systems containing a soluble liquid hydrate former (THF), free gas (CH4),
and dissolved gas (CO2) formed within the centre of pore spaces, rather than on grain
surfaces. This is likely to restrict the potential for cementation of sediments, unless
a large proportion of the pore space is filled with hydrate. They also discussed that
hydrate growth is a competition between kinetic and transport limitations, and the
requirement to minimise surface energy.
Nano copper particles were investigated for their effect on the formation of HFC134a
(CH2FCF3) hydrate (Li et al., 2006). It was shown that, the addition of ultra–fine
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particles enhanced the heat transfer and mass transfer of the formation and dissociation
of HFC134a effectively. The experimental results indicated that the formation process
is shortened with the increase of the mass fraction of nano–copper below the critical
dissociation point. The dissociation pressure shifted upward in the presence of nano
copper but no shift was observed with the increase of the mass fraction of nano–copper.
A new apparatus was designed by Praveen Linga et al. (2009a) to study the for-
mation and decomposition of methane hydrate in a bed of microporous sand particles
with a 0.9 nm pore diameter and an average diameter of 329 µm. In that system, the
hydrate was formed in the interstitial spaces between sand particles. In dissociation
stage the gas was released in two rate stages. The rate of methane recovery depends
on the bed size for the first stage but not for the second one. Later on they developed
an empirical model with one parameter that was found to depend linearly on the bed
size (Haligva et al., 2010). The hydrate saturation in sediments was reported to be
closely related to the size of particles (Lu et al., 2011). The effect of particle size on
the structure stability of methane hydrates was investigated by Prasad et al. (2012) in
the suspension of silica and natural bentonite clay sediment. The results showed that,
the hydrate induction and growth were three times faster in the suspension of silica
having particle size 150 and 250 µm. However, no noticeable shift in methane hydrate
dissociation was observed in the presence of silica or bentonite–clay. It was indicated
that, the suspension of silica and clay sediments primarily act as kinetic promoters for
methane hydrates, even though, they are thermodynamic inhibitors.
Three different media including loess, fine and coarse sands were studied and the
effect of cooling rate on the formation of methane hydrate in these media was investi-
gated by Jiang et al. (2010). It was found that the methane conversion rate in loess
was smaller than in the other two media and hypothesised that due to the small par-
ticle size of loess the proportion of bound water was higher than that in sand; and the
bound water was harder to form hydrate than the free water.
Park et al. (2010) focused on increasing the rate of formation of the hydrate and
the amount of gas consumed by adding multi–walled carbon nanotubes (MWCNTs)
to pure water. The addition of only 0.004 %wt. of multi–walled carbon nanotubes to
pure water, the amount of gas consumed was about 300% higher than that in pure
water. They compared the results with those obtained in the presence of SDS and
DBS and showed that MWCNT was a better option than other common surfactants.
No explanation for these observations was found in their report.
A group of hydrophobic particles including hydrophobised sand, Teflon, and hy-
drophobic silica particles was investigated for their effect on the kinetics of the for-
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mation of gas hydrates (Wang et al., 2011). It was observed that by introducing
hydrophobic particles to a hydrate reactor the kinetics increased considerably. It was
found that in the presence of hydrophobised sands, the induction time for CH4 hydrate
formation decreased steadily from 576 to 71 seconds as the contact angle (θ) of the
sands was increased from 0 to 110◦. It was observed that in the presence of silica nano–
particles in the system the hydrate was formed immediately. The authors suggested
that solid particles can act as solid surfactants and increase the gas/water interfacial
area for increased mass transfer and possibly to the formation of partial clathrates in
the vicinity of hydrophobic surfaces which act as precursors for clathrates.
2.5 CO2 Clathrate Hydrate
CO2 hydrates have been the focus of much research due to the fact that gas hydrate
offers opportunities for the development of innovative technologies for separation of
CO2 from CO2–N2 and CO2–H2 mixtures and CO2 sequestration (Englezos and Lee,
2005). The basis for separation of the CO2 is the fact that when a CO2–H2 or CO2–N2
mixture is allowed to form hydrate, CO2 is preferentially incorporated into the hydrate
phase (Kumar , 2009). CO2 capture and sequestrations (CCS) is one of the best options
to reduce total CO2 emission into the atmosphere. According to Englezos and Lee
(2005) the largest portion of the cost of a capture and storage sequestration scheme is
due to CO2 separation and compression. Among various available technologies, such
as absorption, adsorption and membrane separation, hydrate–based separation is a
promising method (Yang et al., 2008).
2.5.1 CO2 Hydrate Structure
CO2 hydrate crystallises in the cubic hydrate structures I, in which the unit cell consists
of 46 H2O molecules and up to 8 CO2 molecules occupying both small (pentagonal
dodecahedral) and large (tetrakaidecahedral) cavities in a ratio of 1:3 (Circone et al.,
2003). Various techniques such as NMR spectroscopy (Ripmeester and Ratcliffe, 1998),
IR spectroscopy (Fleyfel and Devlin, 1988), X–ray diffraction (Takeya et al., 2000;
Udachin et al., 2001) and neutron diffraction (Ikeda et al., 1999) have been employed
to study the structure of CO2 clathrates. These studies showed that larger cavities
are fully occupied by CO2. However, depending on the formation condition variable
occupancy of the small cavities were observed. The structure and guest distribution of
mixed gases have also been studied. The structure and guest distribution of the mixture
28
Chapter 2. Literature Review
of N2+CO2 hydrates was identified via X–ray diffraction and 13C NMR spectroscopy
(Park et al., 2006; Seo and Lee, 2004). The results indicated that the crystal structure
of mixed hydrates is structure I and the CO2 molecules occupy mainly the abundant
51262 cages. The mixture of H2+CO2 was studied using X–ray powder diffraction and
NMR spectroscopy (Kim and Lee, 2005). The results showed that CO2 molecules
occupied both small 512 cages and large 51262 cages, and hydrogen molecules only were
occluded in small 512 cages of structure I.
2.5.2 Thermodynamic Study of CO2 Hydrates
Studies of the thermodynamics of hydrates in a system containing carbon dioxide and
a mixture of guest molecules started decades ago and research has continued steadily.
Three phase equilibrium conditions of many simple and complicated gas hydrate sys-
tems have been investigated both experimentally and by computational modelling.
Adisasmito et al. (1991) studied three–phase equilibrium conditions of hydrates
(water–rich liquid, hydrate, and vapour) of carbon dioxide and methane binary mix-
tures. They showed that the obtained data were in good agreement with the previously
calculated data in the literature. Dholabhai et al. (1993) reported the CO2 equilibrium
experimental data in aqueous electrolyte solutions containing NaCl, KCl, CaCl2, and
their binary mixtures and in a synthetic sea water solution. The idea of CO2 storage
on the ocean floor and natural gas exploitation in linkage with CO2 isolation under the
deep ocean floor was proposed by Ohgaki et al. (1996) as methods for holding the CO2
concentration below a given level. In this idea, the hydrate crystal of CO2 could play
an important role in preventing anthropogenic CO2 from entering the atmosphere be-
cause CO2 reacts with water to form the CO2 hydrate in the temperature and pressure
conditions of the deep ocean. Based on this, they studied the isothermal phase equi-
librium relations of pressure and compositions in the gas, liquid, and hydrate phases
for the CO2–CH4 mixed hydrate system.
Other researchers have also worked on the transformation of CH4 hydrate to CO2
hydrate (Brewer et al., 1999; Halpern et al., 2001; Saito et al., 2000; Yoon et al.,
2004). To prove the concept of carbon dioxide recovery from multicomponent gas
stream, Seo et al. (2000) measured three–phase equilibrium dissociation conditions for
mixed hydrates of CO2–CH4 and CO2–N2. A hydrate–based crystallisation process
for recovery of CO2 from flue gas was proposed by Kang and Lee (2000) and the
equilibrium hydrate formation data for a mixture of carbon dioxide and nitrogen was
reported by Kang et al. (2001a). They then measured the enthalpy of dissociation for
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carbon dioxide and nitrogen hydrates (Kang et al., 2001b). This work was extended to
study CO2–N2 (Seo et al., 2005) and CO2–H2 (Seo and Kang , 2010) hydrate formation
in porous silica gels and presented phase diagrams illustrating phase compositions. The
experimental data on compositions of equilibrium phases under gas hydrate formation
conditions was reported for the CO2–N2–H2O system (Belandria et al., 2011).
The CO2 hydrate formation conditions of more complicated systems containing N2,
CH4, C2H6 and (N2+CH4+C2H6) in the presence of aqueous solutions of ethylene
glycol was measured using experimental and modelling methods (Fan et al., 2000).
Many researchers used thermodynamic models for computational prediction methods
for the hydrate forming conditions (John et al., 1985; Ng and Robinson, 1976; Parrish
and Prausnitz , 1972; Tse and Bishnoi , 1994; Van der Waals and Platteeuw , 1959). Sun
and Duan (2005) presented an improved model for the prediction of phase equilibria and
cage occupancy of CH4 and CO2 hydrate in binary systems over a wide temperature–
pressure range with accuracy close to experiment. More recently the application of
advanced thermodynamic modelling to CO2–rich systems was presented by Tohidi et al.
(2012).
2.5.3 Kinetic Study of CO2 Hydrates
For the first time the results of a spectroscopic study of the epitaxial growth of CO2
clathrate hydrates on ethylene oxide (EO) and THF clathrate substrates was pre-
sented by Fleyfel and Devlin (1991). It was shown that different crystalline clathrate
hydrates of CO2 grow epitaxially on EO and THF clathrate hydrate films, forming
simple type–I and type–II structures, respectively. The hydrate nucleation of carbon
dioxide, methane and ethane was studied by Natarajan et al. (1994) and the induction
period data were modelled as a function of the nucleation driving force. Shindo et al.
(1993) and Lund et al. (1994) reported a kinetic model for CO2 hydrate formation in
liquid CO2 from water. In this model the formation of CO2 hydrate is considered as a
first order homogeneous reaction between CO2 and water, taking water as a limiting
reactant. Chun and Lee (1996) conducted an experimental study on the kinetics of CO2
hydrate formation in liquid water from gaseous CO2 in the temperature range of 275.2
to 279.2 K. In this work the model developed by Englezos et al. (1987) was used to
determine the intrinsic kinetic rate constant. It was shown that the model predictions
matched the experimental data. The kinetics of carbon dioxide hydrate formation after
nucleation and the solubility of carbon dioxide in water was studied by Malegaonkar
et al. (1997). They modified the kinetic model developed by Englezos et al. (1987) to
determine the intrinsic kinetic rate constant for carbon dioxide hydrate formation and
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removed a minor inconsistency in that model. Then North et al. (1998) investigated
the formation and dissolution of CO2 hydrates at very high pressure (55 bar) both in
deionised and sea water and established the minimum Y–CO2 (Y is mole fraction of
CO2 in CO2–water mixture) as 0.03 in deionised water.
The formation of gas hydrates from CO2–N2 and CO2–H2 gas mixtures was ex-
tensively studied by Kumar et al. (2006); Linga (2009); Linga et al. (2007a) and gas
uptake, the composition changes in the gas phase and the rate of hydrate growth were
determined. In another work they reported the CO2 recovery from a fuel gas (CO2–H2)
mixture (Linga et al., 2007b). They also examined the hydrate formation from a flue
(CO2–N2) gas mixture in the presence of small amount of THF. A larger scale of a
new apparatus which could operate with different gas–water contact modes was set up
in order to test the hydrate–based separation processes for pre and post combustion
capture of CO2 (Englezos et al., 2008).
Bergeron and Servio (2008) obtained experimental data on the rate of carbon dioxide
hydrate formation and then determined the reaction rate constant of CO2 hydrate
formation using a kinetic model independent of the dissolution rate at the vapour–
liquid water interface. In another study Bergeron and Servio (2009) measured the mole
fraction of carbon dioxide in the bulk liquid phase and found that the mole fraction of
carbon dioxide in the bulk liquid phase was constant during the growth period.
2.5.4 Additives Used in CO2 Hydrate Studies
Although the thermodynamic studies and structural analyses present the possibilities
of developing separation technology, a weak point of these results was that several
stages are required to obtain a high concentration of CO2 stream from feed gas, which
reduces the economics of the separation process (Seo and Kang , 2010). Therefore, using
additives to promote hydrate formation was necessary. Researchers have been using dif-
ferent additives such as THF, CP and Tetra–n–Butyl Ammonium Bromide (TBAB) to
promote CO2 hydrate formation. The addition of THF as a hydrate promoter extended
hydrate stability region by elevating equilibrium dissociation temperature and lowering
pressure (Kang et al., 2001b). Kinetic and thermodynamic data on the formation of
CO2 hydrate in the presence of THF were reported by Sabil et al. (2010a,b). The re-
sults showed that the inclusion of THF reduces the induction time required for hydrate
formation. These observations indicated hydrate nucleation process and onset growth
were more readily to occur in the presence of THF (Sabil et al., 2010a). Thermody-
namically the experimental measurements showed that the addition of THF extended
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CO2 hydrate stability region by elevating the hydrate equilibrium temperature at a
specified pressure (Sabil et al., 2010b). Lee et al. (2010) obtained the thermodynamic
and kinetic data for the separation/recovery of CO2 (pre–combustion capture) from a
fuel gas (CO2–H2) mixture in the presence of THF.
Arjmandi et al. (2007) studied experimentally the equilibrium of CO2 and other
gases in TBAB semi clathrate hydrate. The CO2 recovery from a binary mixture of
CO2 and N2 in the presence of TBAB was calculated by Li et al. (2009a) and then this
research was extended to study phase equilibrium for the semiclathrate hydrates of CO2
in the presence of Tetra–n–butyl Ammonium Halide (Bromide, Chloride, or Fluoride) in
a range of pressure, temperature and mole fraction of tetra–n–butyl ammonium halide
(Li et al., 2010a). Li et al. (2009b) studied the gas mixture of CO2 and H2 and its
equilibrium hydrate formation conditions with TBAB. The results indicated that the
equilibrium hydrate formation pressure of the CO2+H2+TBAB mixture is remarkably
lower than that of the CO2+H2 mixture at the same temperature and decreases with
the increase in the concentration of TBAB measured.
Li et al. (2010b) studied the effects of the concentrations of dodecyl trimethyl am-
monium chloride (DTAC) and TBAB aqueous solution and the initial pressures on the
induction time of the hydrate formation and CO2 separation efficiency. As a result
the appropriate operating conditions for separating carbon dioxide from flue gas was
determined as the initial pressure of 1.66 MPa in conjunction with the concentration
of 0.028 %mol. DTAC.
In addition to THF and TBAB which are the most common promoters for CO2
hydrates, the formation of CO2 hydrates in the presence of CP (Zhang and Lee, 2009)
and silica (Bai et al., 2012) has also been investigated. Four organic additives including
tetrahydropyran, cyclobutanone, cyclohexane and methylcyclohexane were examined
for their effect on carbon dioxide hydrate phase behaviour by Mooijer-van den Heuvel
et al. (2001). All these organic additives found to be thermodynamic promoters as they
all reduced gas hydrate equilibrium pressure. SDS which is the most common methane
hydrate promoter is not an efficient CO2 hydrate promoter. However, a combination of
SDS and THF efficiently promotes hydrate formation, allowing a full water–to–hydrate
conversion in a quiescent system as shown by Torre et al. (2012).
2.6 Summary
While there has been an extensive progress in the field of gas hydrates and under-
standing the formation process, none of the pathways have yet demonstrated that it
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can be the basis of a commercial process for capturing and storage of CO2. Promoters
may offer a potential improvement in the economy of developing technologies where
hydrate production is a crucial step. However, the efficiency of such promoters cannot
be increased unless we understand how different chemicals work when added to the
hydrate system. As indicated in the above literature review many developments in un-
derstanding gas hydrate formation and the role of additives (specifically surfactants)
have been made, yet more research is needed to verify the phenomenon and under-
stand its mechanism. This thesis will focus on the fundamentals of formation of CO2
hydrate. This research involves studying the kinetics of this process in the presence of
sodium halides and hydrophobic nano–particles through which two novel mechanisms
are proposed for the formation process.
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Chapter 3
Experimental Apparatus and
Procedure
3.1 Experimental Apparatus
In the present study CO2 hydrate is produced in a cylindrical cell reactor. The
schematic experimental setup used for testing all the gas hydrate kinetic experiments
is shown in Figure 3.1. The gas hydrate formation experiments are performed in a
mini bench–top stirred high pressure reactor designed and manufactured by Parr. The
pressure vessel was made of stainless steel with the total volume of 450 mL from which
approximately 120 mL or less was filled with the mixture of Mili–Q water and ad-
ditives depending on the objective of the experiment. The remaining 330 mL of the
cell volume was filled with carbon dioxide gas which was supplied by a CO2 gas cylin-
der connected to the cell. The reactor is pressure rated to approximately 2950 psig
(∼ 200 bar) maximum, however, the maximum pressure used in the current work was
500 psig (∼ 34.5 bar). Temperature and pressure sensors had direct access to the inner
part of the cell where the liquid sample and gas was present, respectively. The tip of the
temperature sensor was placed approximately 1 cm above the cell bottom and records
the temperature of the liquid phase and liquid–hydrate slurry during experiments.
A T–type thermocouple was connected to the data acquisition system (DAQ) via a
T–type wire and connector. A Wika S–11 pressure transmitter was used for pressure
readings. The accuracy of the transmitted temperature and pressure signals were
±0.5 K and ±2.5 psi, respectively. LabView was used to collect system pressure and
temperature data points and P–T plots were continuously updated by the PC on the
screen during the experiment.
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Figure 3.1: Schematic diagram of the experimental set up.
A RW–1025G Lab Companion refrigerating bath (Jeiotech, Korea) was used to
control the reactor temperature. A water/glycerol mixture with a desired temperature
was circulated in the cooling bath around the reactor. Figure 3.2 shows a photograph
of the pressure vessel and the experimental apparatus with the controller and cooling
bath.
According to the system requirements some piping and valves on the Parr vessel
were changed to make it appropriate for the aim of this work. As shown in Figure 3.3,
the vessel head consists of:
1. Pressure gauge, analogue type, which shows the pressure within the vessel at all
times, and has a range up to 3000 psi/20 MPa.
2. Pressure transducer, to record the pressure at all time.
3. Gas release valve, to release gas from the reactor during or at the completion of
a run.
4. Pressure relief valve, to protect the vessel and the operator from dangerous pres-
sures beyond the rated limit (11 MPa) for the vessel.
5. Rupture (or bursting) disc, to protect the vessel and the operator from dangerous
pressures beyond the rated limit for the vessel in the event of loss of temperature
control.
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Figure 3.2: a) Parr pressure vessel model 4562 mini reactor, 450 mL with new attach-
ments. b) Gas hydrate formation set–up.
6. Gas inlet valve, to charge gas into the reactor.
7. Internal stirring system consists of a motor drive magnetically coupled to an
internal stirrer shaft with attached turbine–type impeller.
8. Thermocouple, to measure the temperature within the vessel.
3.2 Hydrate Formation Procedure
Relatively similar procedures have been used in all the experiments. It is important
that the cell is completely sealed during the test, so gas is not discharged during an
experiment. The top of the cell was supplied with O–rings for this purpose. Dismount-
ing and remounting between experiments might cause leakage over the O–ring sealing
or at couplings. Thus precautions had to be taken and the cell was often checked for
leaks with a water–soap solution when pressurised.
Each experimental run was performed according to the following sequence of steps:
1. The refrigeration system was turned on; the coolant bath temperature was set at
constant temperature of 1.5 ◦C for one hour to stabilise.
2. The pressure vessel was washed with pure water (Mili–Q water).
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Figure 3.3: Attached equipment to the pressure vessel.
3. The appropriate quantity of pure water or aqueous solution of salt or solid par-
ticles was then poured into the reactor.
4. Once the liquid was properly loaded in the cell, the lid of the cell, including the
stirring system, was lowered onto the cell. The split–ring cover clamp section was
moved into place from the sides, and the appropriate bolts were then tightened, to
ensure a proper seal before pressurising. Pressure transducer and thermocouple
were connected to the monitoring system.
5. The cell was then placed inside the cooling bath (coolant already reached the
desired temperature). The stirrer was turned on and allowed the liquid phase
to stabilise around this temperature (for a period between 30 to 90 minutes
depending on the liquid sample).
6. After the temperature had stabilised, the cell was purged three times with CO2
gas to remove residual air from the cell prior to pressurising the cell. Purging
was conducted by filling the cell to 100 psi and venting to ambient pressure.
7. After purging the gas was introduced into the system rapidly from a CO2 gas feed
cylinder. The cell was pressurised to about 500 psi with CO2 introduced into the
liquid phase where the stirrer will promote good gas liquid transfer to facilitate
the creation of hydrate crystals. The LabView logging was started simultaneously
and recorded the pressure and temperature of the reactor every second.
8. Once the pressure in the vessel reached 500 psi and stayed constant the gas inlet
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valve was closed.
9. The system was then operated for a sufficient time to allow nucleation and growth
of hydrates.
10. After sufficient time (24 hours or more depending on the additive used) the vessel
was depressurised and opened to collect the hydrates if formed.
11. The exact weight of the remaining solution and hydrate were then measured using
a digital balance with the accuracy of 0.0001 g.
3.3 Analysis of Data
The accurately measured pressure and temperature of the cell were then analysed
to obtain the CO2 conversion, storage capacity and gas consumption over time. A
very simple but powerful method of studying and analysing growth experiments is
by using the real gas equation. For an isochoric system, where the principle of mass
conservation holds true, the pressure drop in the gas phase caused by hydrate growth
gives an estimation of the amount of hydrates formed in the liquid phase. The number
of moles of gas consumed (∆n) until time t for one–component hydrate crystallisation
in the solution is an experimentally accessible quantity, which is related to the gas
pressure drop in the system.
∆n =
(
PV
ZRT
)
G,0
−
(
PV
ZRT
)
G,t
(3.1)
P , V and T are the pressure, volume, and temperature of the gas, respectively.
R is the gas universal constant and Z is the compressibility factor obtained by Peng
Robinson equation of state (EOS).
In order to calculate the number of CO2 gas moles converted to CO2 hydrates it is
necessary to consider the fact that carbon dioxide gas is soluble in water in comparison
with other hydrate formers. Therefore, to be able to find the number of moles of CO2
gas that have been converted to hydrates, the fact was used that the mole fraction of
the gas hydrate former in the bulk liquid phase at the onset of hydrate growth and
thereafter does not change significantly with time (Bergeron and Servio, 2009). Thus,
at the onset of hydrate growth the mole fraction of CO2, y
L1
CO2
, can be calculated as
follows:
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yL1CO2 =
nL1CO2
nL1CO2 + n
L1
H2O
(3.2)
Which nL1CO2 and n
L1
H2O
are the number of moles of CO2 and H2O in the liquid phase
at the onset of hydrate growth, respectively.
nL1H2O = n
tot
H2O
=
water total mass
water molecular mass
(3.3)
The amount of gas consumed until the hydrate formation has begun, nL1CO2 can be
obtained using eq (3.1) for the onset of hydrate growth.
By neglecting the mass of additive and dissolved gas, the numbers of moles of water
at the end of each experiment is calculated from the weight of remained liquid.
nL3CO2 at the end of each experiment can be obtained by the following equations:
yL2CO2 = y
L3
CO2
(3.4)
yL3CO2 =
nL3CO2
nL3CO2 + n
L3
H2O
(3.5)
CO2 conversion to hydrates defined as the ratio of number of moles of CO2 convert
to hydrates to the total number of moles of CO2 in the system.
CO2 conversion (%) = 100×
nHCO2
ntotalCO2
(3.6)
In this work the storage capacity is defined as the volume ratio of trapped gas to
hydrate crystals. Therefore the total volume of hydrate crystals produced in the system
is required as well as the volume of gas trapped in the hydrates. In order to obtain the
volume of hydrates, the mass of hydrate was divided by the density which is almost
1.10 g/cm3 for CO2 hydrates (Aya et al., 1997). The volume of the amount of gas
trapped in the hydrate crystals (nHCO2) under standard condition was calculated.
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Influence of Sodium Halides on the
Kinetics of CO2 Hydrate
Formation1
4.1 Abstract
The mechanism of gas hydrate formation in the presence of kinetic influencing additives
has attracted much interest due to the importance of optimising hydrate formation in
areas such as energy supply and the environment. This paper presents experimen-
tal studies into the formation of CO2 gas hydrate in the presence of sodium halide
salts. Pressure and temperature changes versus time during the hydrate formation
process were measured under the isochoric conditions. The effect of anion type and
concentration on maximum gas uptake, conversion, storage capacity, induction time,
and hydrate growth rate has been examined. Surface potential measurements of the
hydrates provided further understanding of how halide anions affect CO2 hydrate for-
mation kinetics. It is shown that sodium halides at an approximately 50 mM (mmol/L)
concentration can increase gas consumption and conversion to hydrates, and sodium
iodide and sodium bromide in a range of concentrations between 50 and 250 mM can
significantly increase the hydrate formation kinetics. It has been concluded that, al-
though salts are known as thermodynamic inhibitors, they can be kinetic promoters
at low concentration, which enhances hydrate formation. It is argued that halide ions
can significantly influence CO2 hydrate formation due to their strong effect on bulk
and surface water structures.
1Published in Journal of Energy & Fuels, 28(2), 1220–1229
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4.2 Introduction
Gas hydrates (simply referred to as hydrates in this paper) are crystalline water–based
solids in which small gas (guest) molecules are trapped inside cages of hydrogen–bonded
water (host) molecules. Without the support of the trapped molecules, the lattice
structure of gas hydrates collapses into a conventional ice crystal structure. Most low
molecular weight gases, such as O2, H2, N2, CO2, CH4, H2S, Ar, Kr, and Xe, and
some higher hydrocarbons can form hydrates at suitable temperatures and pressures.
Gas hydrates are not chemical compounds because the sequestered molecules are never
chemically bonded to the lattice; i.e., the formation and decomposition of gas hydrates
are first–order phase transitions, not chemical reactions. They play an important role
in flow assurance, energy supply, and potentially the environmental management into
the foreseeable future. The scientific and practical interest in gas hydrates has grown
substantially over the past decade. However, the detailed formation and decomposition
mechanisms of these fascinating water structures on a fundamental molecular level still
remain unsatisfactory (Sum et al., 2009).
Because of the random nature of gas hydrate formation, which results in many
difficulties in obtaining reproducible and instrument–independent kinetic data, time–
dependent hydrate properties are more difficult to obtain (Koh et al., 2011). In com-
parison with gas hydrate phase equilibrium studies, kinetic data of hydrate formation
and dissociation, particularly for CO2 hydrates, are rather scarce, and the research
focus is moving into time–dependent studies of gas hydrates (Sabil et al., 2010a; Torre
et al., 2012). Therefore, in this work, an experimental study of carbon dioxide hydrate
kinetics has been conducted.
The promotion of hydrate formation is of potential importance for industrial ap-
plications, such as the storage and transport of natural gas (Sun et al., 2011; Torre
et al., 2012). Carbon dioxide hydrate has been investigated for its application to the
capture and storage of carbon dioxide (Li et al., 2009a; Linga et al., 2010; Torre et al.,
2011). Using additives to promote the hydrate formation has attracted particular in-
terests because it can decrease the cost of process by reducing energy requirements for
mechanical agitation and increasing the hydrate formation rate.
Many studies, mostly experimental studies, have been reported so far about the
effects of various surfactants and salts on hydrate formation (Ando et al., 2012). How-
ever, in comparison with surfactants, there is still a lack of information about salts
in hydrate related studies. It is well–known that concentrated salt solutions, such as
chlorides, act as thermodynamic inhibitors on gas hydrate formation, and researchers
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have already studied the equilibrium conditions of gas hydrates in the presence of such
solutions of various hydrate–forming substances (Dalmazzone et al., 2004; Hsieh et al.,
2011; Maekawa, 2001). The effect of some ions, such as Na+, Cl–, Mg2+, and Ca2+,
which are found with high concentrations in seawater, have been studied (Masoudi
et al., 2005; Mohammadi et al., 2008, 2009; Mohammadi and Richon, 2009; Vu et al.,
2002). On the other hand, it is difficult to find any information in the literature about
the effect of ions, such as Br–, I–, and F–, that exist in seawater but with very low
concentrations, on the hydrate formation process. Among the salts, sodium chloride is
the most studied and is used in the industrial scale as a hydrate inhibitor in drilling
and gas transmission pipelines. However, because dilute solutions are not frequently
encountered in industrial conditions, the effect of dilute salts on hydrate formation has
not been studied in detail, and there is doubt about if dilute salt solutions still perform
as an inhibitor.
It was found that cations and anions play different roles in inhibiting hydrate for-
mation and the gas hydrate stability condition is mainly determined by anions (Lu
et al., 2001). Thus, in the current study, we examined the effects of sodium halide
solutions on CO2 hydrate formation kinetics. Many researchers investigated the hy-
drate formation process to find the promotion mechanism and how surfactants affect
the formation rate. However, none of the proposed mechanism is fully approved and
further research is required in this area (Lo et al., 2012b; Tajima and Yamasaki , 2009;
Zhang et al., 2007). Classical molecular dynamic simulation has been applied to exam-
ine the inhibition mechanism of NaCl on hydrate formation (Qi et al., 2012). Changes
in water structure and ordering during hydrate formation have been investigated by
some researchers (Chalikian, 2001; Koh et al., 2000). Neutron diffraction was used
to study the structure of water around methane during hydrate crystallisation (Koh
et al., 2000). More recently, infrared spectroscopy was employed to understand the
water structure changes upon adding sodium dodecyl sulphate to the cyclopentane hy-
drate/water interface (Lo et al., 2012a). In situ surface (zeta) potential measurement
has also been applied to support the adsorption mechanism proposed (Salako et al.,
2012). It is believed that the liquid water surface and water molecule ordering at the
surface and bulk play a significant role in the hydrate formation process. Therefore, it
is hypothesised that additives that change the water structure are capable of changing
the hydrate structure and hydrate formation process. It means that these additives can
possibly enhance the water structure in a way that makes it easier for hydrate cages
to form and, therefore, promote the formation of hydrate.
In this work, further investigation of the effect of sodium halide solutions on CO2 gas
uptake, conversion and storage capacity, and growth rate is conducted. These inorganic
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salts are different in anion size, and therefore, charge density. Since the range of
concentration for those ions reported in the literature is usually higher than 0.5 mol/L
(referred to as M hereafter, 1 M = 1000 mM) and the effect of lower concentrations
has not been considered by researchers, we conducted these experiments in a range
of low concentrations (0–500 mM) to establish a better understanding of the effect of
halide anions on CO2 hydrate kinetics. Further measurements such as surface (zeta)
potential of hydrate particles and their change versus salt concentration have also been
completed to assist in explaining the observations. The effect of ions on water structure
and observations with regard to CO2 hydrate formation kinetics are linked together and
lead to a novel mechanism for hydrate formation behaviour in aqueous salt solutions.
4.3 Experimental Section
4.3.1 Material
The CO2 gas used in this work was food grade carbon dioxide provided by Coregas
with 98.3% purity. Chemicals used were sodium fluoride from Mallinckrodt (purity
99%), sodium chloride from Ajax FineChem (purity 99.9%), sodium bromide from
Sigma–Aldrich (purity 99+%), and sodium iodide from Merck (purity 99.99%). Differ-
ent concentrations of salt solutions were configured using deionised (DI) water freshly
produced by a Milli–Q Academic system (Milipore, USA). The salt solutions were pre-
pared by first dissolving the desired amount of salts in a 250 mL volumetric flask of DI
water using an ultrasonic bath for 3 min. Then 120 mL of the solution was used for
the experiments. Because of the unstable nature of sodium iodide and sodium bromide
solutions, a solution was freshly prepared for each of the experiments.
4.3.2 Apparatus
The experimental setup consisted of a stirred high–pressure batch reactor, cooling
system, and a data acquisition system. The schematic diagram of the experimental
apparatus used to perform the tests is shown in Figure 4.1. The stainless steel reactor
(Parr Instruments, USA) with a total volume of 450 mL (80 mm inner diameter)
capable of sustaining pressures up to 2900 psi (20 MPa) with an internal stirring
system (a four vertical blade turbine impeller) was employed for studying the hydrate
process. According to the system requirements, some piping and valves on the Parr
vessel were changed. The pressure vessel was equipped with a pressure transducer,
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Figure 4.1: Schematic diagram of the experimental apparatus.
thermocouple, gas release valve, and pressure relief valve. A water–glycerol mixture
was circulated in an RW–1025G Lab Companion refrigerating bath (Jeiotech, Korea).
Bath temperature could be fixed at a desired value and read from the display panel.
The data acquisition unit was also connected to a computer. Temperature and pres-
sure measurements were performed using a T–type thermocouple (Parr Instruments,
USA) and a Wika S–11 pressure transducer (Wika, Germany). The accuracy of the
temperature and pressure measurements was ±0.5 K and ±2.5 psi, respectively. The
readouts of pressure and temperature versus time were simultaneously recorded and
displayed using the National Instruments NI–DAQ 9174 data acquisition device and
Labview VI developed by our team. During an experiment, the data acquisition sys-
tem scanned the pressure and temperature every second and then recorded the average
values every 30 s. All experiments were repeated three times for each concentration.
Meaningful averages and standard errors for appropriate variables were obtained and
reported.
4.3.3 Hydrate Formation Procedure
The kinetics of hydrate formation was studied through gas uptake measurements. To
obtain meaningful results, an accurate measurement of the amount of gas consumed
was required (Linga et al., 2007a) and this requirement was satisfied through accurately
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measuring changes in pressure and temperature. The procedure followed in this work is
described in detail in the following paragraphs. Each experimental run was performed
according to the following sequence of steps:
The appropriate quantity (120 mL) of the aqueous test solution freshly prepared
was charged into the reactor after washing the equipment with DI water several times.
Once the liquid solution was properly loaded into the cell, the lid of the reactor was
lowered onto the cell and tightened to ensure a proper seal before pressurising. The
cooling bath was set for the desired temperature (1.5 ◦C). The cell was then connected
to the monitoring system and submerged in a cooling bath composed of a 70%/30%
glycerol/water mixture for 60 min to ensure that temperature equilibrium was achieved.
When the temperature was stabilised, the remaining volume of the reactor and all
the loading lines were purged by first increasing the pressure to 100 psi (0.7 MPa)
using CO2 and then venting the reactor completely. To avoid air contamination in
the system, this cycle was repeated three times. The reactor was then pressurised
to 500 psi where the stirrer (120 rpm) promoted good gas liquid transfer to facilitate
CO2 solubilisation into the aqueous solution. The batch reactor was then isolated from
the CO2 storage cylinder by closing the gas inlet valve. The gas pressure and liquid
temperature inside the vessel were monitored, automatically recorded, and stored on
the PC by the acquisition unit for 24 h.
After a sufficient running time, the vessel was depressurised and opened to collect
the hydrates as follows. When opening the system, in order to minimise hydrate
dissociation, the vessel was first taken out of the water bath and immediately placed
into a container of ice pellets. Then the CO2 gas was released from the reactor before
the reactor was quickly opened. After opening up the reactor, the solid hydrates were
separated from the remaining solution very quickly using a simple filter. Then, using a
Mettler Toledo digital balance with the accuracy of 0.0001 g, the masses of the hydrate
and remaining liquid were measured. Hydrate samples were kept in a freezer (−14 ◦C)
for further measurements. Taking the hydrate out of the pressure vessel quickly and
effectively was crucial. Otherwise, the hydrate decomposition and ice formation on the
surface of the hydrate could likely occur, causing errors in determining the mass of
hydrate. Therefore, the whole procedure applied here took less than a minute or so,
eliminating all the significant side effects.
At the end of each experiment, the concentrations of Na+ in solutions and hydrates
were measured using a PerkinElmer AAnalyst 400 Atomic Absorption Spectrometer
as follows. AAS is a spectroanalytical procedure that utilises the absorption of optical
radiation (light) by free atoms in the gaseous state to determine the quantitative de-
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termination of chemical elements. At the end of the experiment, part of the hydrate
crystals were taken to room temperature and melted. Then all liquid samples were
diluted with deionised (DI) water until the solution concentration reached a range of
0.5–1.0 mg/L. By measuring the salt concentration of solutions before and after hy-
drate formation and the melt hydrate samples, the amount of salts in the hydrate can
be calculated in two ways: first, as the balance between the amounts of salt added
(initial solution) and remained in solution after hydrate formation, and, secondly, by
directly converting the concentration of sodium ions in the melted hydrate samples.
4.3.4 Gas Uptake, Gas Conversion and Hydrate Storage Ca-
pacity
To calculate the gas consumption during hydrate formation and percentage of CO2
conversion to hydrate crystals, we consider the fact that the number n of moles of
gas consumed until time t for one–component hydrate crystallisation in the solution is
related to the gas pressure drop in the system, which is an experimentally accessible
quantity. For all experiments, the total number of CO2 gas molecules, ∆n, moved
from zero time (the beginning) to time t from the gas phase to either the liquid or the
hydrate phase is calculated as follow:
∆n =
(
PV
ZRT
)
0
−
(
PV
ZRT
)
t
(4.1)
where P , V , and T are the gas pressure, volume, and temperature, respectively, R
is the universal gas constant, and Z is the compressibility factor obtained by Peng–
Robinson’s equation of state (Smith et al., 2001).
To calculate the number of gas moles converted to gas hydrates, it was necessary
to consider the fact that carbon dioxide gas was soluble in water in comparison with
other hydrate formers. Therefore, to be able to find the number of moles of CO2 gas
that have been converted to gas hydrates, we considered the fact reported by (Bergeron
and Servio, 2009) that the mole fraction of the gas hydrate former in the bulk liquid
phase at the onset of hydrate growth and thereafter did not change significantly with
time. Thus, assuming that, at the onset of hydrate growth, the total number of water
molecules was equivalent to the initial number of water molecules and by knowing the
number of moles of CO2 at that time from eq (4.1) the mole fraction of CO2 could
be calculated. By neglecting the mass of added salt and dissolved gas, the number
of moles of water at the end of each experiment was obtained from the weight of the
remaining liquid. Finally, assuming that the mole fraction of the gas hydrate former in
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the bulk liquid phase at the onset of hydrate growth was equal to the mole fraction of
CO2 at the end of hydrate formation, the number of moles of CO2 at the end could be
obtained. Then the total percentage of CO2 converted to hydrates was calculated. CO2
conversion to hydrates was defined as the ratio of moles of CO2 converted to hydrates
to the total moles of CO2 in the system as follow:
CO2 conversion (%) = 100×
nHydrateCO2
nTotalCO2
(4.2)
The storage capacity of hydrates is of great importance in gas storage applications.
This factor is defined as a volume ratio of trapped gas to hydrate crystals. The total
volume of hydrate produced was calculated considering the density of hydrate being
equal to 1.0620 g/cm3. The density is calculated using the technique described in
Sloan and Koh (2008, pp. 268–269). From the computer program developed by their
centre for hydrate research, at 275.15 K, the CO2 hydrate was predicted to be sI,
with a dissociation pressure of 15.6 atm. The hydration number of 7.3 is close to
the prediction in the literature (Aya et al., 1997; Ferdows and Ota, 2006; Sloan and
Koh, 2008; Uchida, 1998). The fractional occupancies of large and small cavities were
θL = 0.974 and θS = 0.228, respectively. There are 46 water molecules per sI unit cell,
with 2 small (512) and 6 (51262) large cavities, and the unit cell length is 1.2 nm on one
side. The density of 1.062 g/cm3 was calculated in Sloan and Koh (2008, eq E5.2.1)
and the known molecular masses for water and CO2. The total volume of gas consumed
was calculated under standard condition and the storage capacity was calculated and
reported as Vgas/Vhydrate.
4.3.5 Growth Rate of CO2 Hydrates
The gas pressure data obtained were used to investigate the growth rate of CO2 hydrate
crystals in the presence of sodium halides as additives and compare them with pure
water. The growth rate curves were obtained directly from experimental data. The
pressure of the system was measured every minute and changes in pressure were plotted
as a function of time and analysed to investigate the effect of salt type and concentration
on hydrate growth kinetics.
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4.3.6 Surface (Zeta) Potential Measurements
The surface (zeta) potentials of the hydrate particles were measured by microelec-
trophoresis using a Brookhaven ZetaPALS apparatus. It utilises phase analysis light
scattering (PALS) to determine the electrophoretic mobility of charged particles. Be-
fore measurements, the hydrate particles were crushed using a cold hammer while it
was kept in a container full of ice. Then the small hydrate particles were transferred
into the cuvette within a second. Then DI water was poured in the cuvette to make
a suspension. Water was carefully transferred to the cuvette to avoid producing any
bubbles. Finally, the cuvette was loaded to the zeta potential device and then zeta po-
tential data were recorded. Six consecutive measurements were taken for each sample,
and the average value was reported.
4.4 Results and Discussion
A series of experiments have been conducted to study the influence of halide anions and
their concentration on the CO2 enclathration kinetics under stirred hydrate–forming
conditions.
4.4.1 P–T Graphs
For simplicity only one data set illustrating the trend obtained during an experimen-
tal run performed with aqueous NaI of different initial concentrations is presented in
Figure 4.2. All concentrations examined are not included in this figure, but further
results obtained will be reported and explained later.
Pressure and temperature curves for each individual salt concentration show a typ-
ical characteristic of the hydrate formation. As a certain amount of CO2 with 500 psi
pressure was loaded to the system, the gas pressure decreased slowly due to CO2 disso-
lution in water. Then, after a period of time (induction time), the nucleation occurred
and hydrate growth started. A sudden rise in temperature was a sign of the onset of the
hydrate formation. During hydrate growth, the pressure dropped as an amount of gas
was consumed. The temperature increased because hydrate crystals formed exother-
mically in the reactor over a short period and there was not enough time for the system
to transfer the heat produced. At a long time, both pressure and temperature reached
constant values independent of time. Moreover, the evolution of the reactor temper-
ature and pressure was different with different salt concentrations. In particular, the
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Figure 4.2: Comparison of different kinetic curves for pressure and temperature versus.
time obtained in the presence of NaI at various concentrations.
constant pressure values at a long time changed with salt concentration: The values
initially decreased with increasing the salt concentration from zero (pure water) and
then increased back to the value for pure water. The biggest pressure drop occurred
in the presence of 50 mM salt. It can be seen from Figure 4.2 that sodium iodide at
the high concentration (500 mM) did not significantly improve the hydrate formation
and the pressure drop at a long time (being proportional to the maximum gas uptake).
Similar behaviour in three other systems was observed. However, the pressure drop in
the presence of NaCl and NaF was not as significant.
4.4.2 Gas Consumption
Since presenting the data in the form of pressure/temperature versus time is compli-
cated further comparisons between salts, the gas consumption during hydrate formation
was calculated using eq (4.1) as explained previously. At any time, the number of moles
of gas transported from the gas phase to the liquid and hydrate phases was calculated
from the pressure and temperature in the reactor considering that the total number
of moles of CO2 that entered the reactor was 0.7066 on average. The gas consump-
tion during hydrate formation in water and sodium halide solutions is presented in
Figure 4.3.
These graphs show that, when for DI water, under the same temperature, pressure,
and agitation condition, amounts of gas that entered the liquid phase and hydrate crys-
tals formed were smaller than those for solutions of 50, 100, and 250 mM. When the
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Figure 4.3: Effect of salts on transient gas consumption by hydrate formation.
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Figure 4.4: Maximum (constant value after 24 h) of CO2 uptake in the presence of
sodium halides under hydrate formation condition. Hereafter, the bars show the stan-
dard errors.
salt was added to the system with concentrations higher than 350 mM, the maximum
gas uptake (i.e., the constant value at a long time) was quite similar to that for pure
water. In some experiments with higher salt concentrations, even after a few days, hy-
drate crystallisation was not observed, which was consistent with the known inhibition
effect of highly concentrated salt on hydrate formation (Lu et al., 2001). In addition
to these, in most of the graphs a multi step increase in gas consumption was observed.
This reveals that when lower concentrations of salts (sodium bromide and iodide) were
used a multi stage gas consumption happened which is possibly associated directly to
the increased CO2 conversion and short induction time at these points. Comparing
the results of these four salts in Figure 4.4, we observed that the effects of NaBr and
NaI on the system behaviour were similar, whereas the NaCl and NaF effects on gas
consumption were different. In the systems with NaI and NaBr, by decreasing the con-
centration to a particular value (50 mM), maximum gas consumption during hydrate
formation increased gradually. On the other hand, when NaF and NaCl were added
to the system, it was observed that, in most concentrations maximum gas uptake was
low, but 50 mM was an exception. However, the amount of hydrates formed after 24 h
was very small due to small gas consumption during hydrate formation.
The results indicate that sodium halide solutions affected CO2 hydrate kinetics
differently before and after a particular concentration. Hereafter, we call this point
“the transition concentration, Ctrans”. Transition concentration has been found as
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almost 50 mM for all four salts. Figure 4.4 shows the comparison of four sodium
halides and their concentration effects on the number of moles of gas consumed after
24 h. The highest gas uptake occurred in solutions of NaI with low concentrations.
A reasonable trend is observed when changing the halide anion: the gas uptake after
24 h in the presence of salts increases with the anions increasing polarisability and
charge density (I− > Br− > Cl− > F−) and showed a maximum at 50 mM. Another
observation that made NaI an exception was the appearance of the hydrate crystals
formed, which were white in colour, very hard, and compact. The hydrate crystals
formed in three other systems were icelike in colour and structure, which was porous,
soft and easily broken (see Figure 4.5). It is noted that, for all the runs using the
mixing setup, the crystal formation initiated and accumulated at the mixer shaft and
impeller, and grew radially around the impeller. Observations of hydrate formation
close to the wall of the reactor or solid surfaces have been reported by Granasy et al.
(2004) and Wilson and Haymet (2005). This is probably due to the fact that the metal
surface of the mixer shaft provided good heat transfer during hydrate formation and its
moving part provided a large contact area of a continuously renewed interface, which
was favourable for the nucleation, growth, and agglomeration (Granasy et al., 2004;
Zhang et al., 2001).
4.4.3 CO2 Conversion and Storage Capacity
The percentage of CO2 gas converted to hydrate at the end of each experiment and
CO2 storage capacity are calculated using eq (4.2), as described previously and shown
in Figure 4.6. Increasing these parameters is important in hydrate studies focused
on storage and transportation applications. The best conversion and storage capacity
obtained with the current system is almost 18.34 ± 3.21% and 49.02 ± 0.06 (volume
ratio), respectively. This is still far from industrial expectations and hydrate researchers
have been struggling for a long time. According to Taylor et al. (2004), laboratory
experiments have struggled to achieve 30% of the theoretical maximum uptake of gas
as a hydrate.
By comparing the effect of halides on CO2 conversion, it is seen that iodide shows
the best performance almost in all concentrations examined in this work. The CO2
conversion to hydrate with Br– and I– is considerably higher in comparison with Cl–
and F–. Although highly concentrated NaCl (> 1 M) is known as a hydrate inhibitor,
it also acts as an inhibitor in many concentrations within the low concentration range
(from 100 mM to 1 M). The results surprisingly indicate that NaCl can increase the
gas consumption and conversion at 50 mM. Therefore, when using this inhibitor in
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Figure 4.5: Comparison between the hydrate structures formed in the presence of NaI
and NaF. Hydrates formed in the presence of NaI were hard and compact, whereas
with three other salts gas hydrates were porous and soft.
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Figure 4.6: Effect of salts on storage capacity (circles) and conversion (diamonds) of
CO2 to hydrate after 24 h.
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pipelines where no solid particle is acceptable, it is necessary to avoid concentrations
lower than 100 mM. In regard to NaBr and NaI, the results show different behaviour.
By decreasing the salt concentration from 500 mM to 50 mM, the storage capacity and
CO2 conversion increased considerably. The storage capacity follows a similar trend to
the CO2 conversion. The results show that, for all salts, the highest storage capacity
occurred at the transition concentration of 50 mM.
4.4.4 Induction Time
In laboratory experiments, the stochastic nature of hydrate formation is observed. De-
pending on the system configuration and conditions, the nucleation time can vary from
minutes to hours or days (Koh et al., 2011). With our current experimental appara-
tus, when gas and water are placed in the correct temperature and pressure region, a
period of a few hours is required to rearrange the host and guest molecules into the
crystal structure (induction time). The induction time in gas hydrate crystallisation is
an important characteristic of the kinetics of the process. There are various definitions
of the induction time (Kashchiev and Firoozabadi , 2003). In practice, it is defined as
the time elapsed until the appearance of a detectable volume of hydrate phase (Sloan
and Koh, 2008). In the laboratory setup used in these experiment, there is no way to
observe the hydrate crystals, so the induction time is considered as the time that a
sharp spike is seen in the temperature curve, which indicates the beginning of hydrate
growth.
Figure 4.7 shows the induction time versus salt concentration. The experiments were
repeated three times for each concentration, and an average induction time was calcu-
lated with standard error. Although the induction time is an uncertain and random
value for each individual experiment, the results in this figure show that the average
induction period for NaF and NaCl is significantly longer than that for NaI and NaBr,
which is consistent with the fact that these two salts are generally hydrate inhibitors.
The induction time in the presence of NaI and NaBr is within 5 h, whereas, for NaCl
and NaF, nucleation mostly occurs after 10 h and more.
4.4.5 Hydrate Growth Rate
Figure 4.8 shows the growth rate curves of CO2 hydrates produced in the presence
of aqueous salt solution within a range of concentrations. Time zero represents the
onset for hydrate formation. For experiments in which formation did not start before
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Figure 4.7: Induction time for CO2 hydrate formation versus sodium halide concentra-
tions.
24 h, the growth rate does not have any meaning, and the results are not shown in this
figure. As observed from Figure 4.8, there are some similarities in the growth behaviour
regardless of the type and concentration of additives. The growth rate of CO2 hydrate
first increased toward a maximum value after hydrate onset and then decreased toward
zero at the end of experiment. This consistency in growth pattern is compatible with
the fact mentioned by Abay et al. (2011) that the overall pattern of hydrate growth is a
fingerprint of the effect of gas hydrate former rather than additives. In the system with
pure water, the amount of hydrate formed is very small. Therefore, it causes a very
low formation rate and we only see a very short peak a few minutes after the onset of
hydrate growth. The same behaviour was observed for NaF and NaCl as they are not
very effective in promoting hydrate kinetics. However, compared to the pure water, all
systems show a higher rate after the onset of hydrate formation. The growth curves
show their highest rate when using salts in their transition concentration (50 mM).
The maximum growth rates of CO2 hydrate formed in the presence of 50 mM aqueous
solutions of NaI, NaBr, NaCl, and NaF were 4.47, 4.084, 1.04, and 0.95 psi/min,
respectively. It is concluded that, although salts are generally known as thermodynamic
inhibitors, NaI and NaBr in concentrations lower than 500 mM are kinetic promoters
and increase the rate of hydrate formation. Although the curves show the growth rate
until 5 h after onset of hydrate growth, the growth process ended in a shorter period.
It takes between 1 and 2 h, and after this period, hydrate growth was almost stopped.
The oscillation observed in curves in the beginning of hydrate growth and before the
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Figure 4.8: Effect of salt type and concentration (0–500 mM) on growth rate versus
time for CO2 hydrates.
maximum point is due to the heat of crystallisation.
4.4.6 Mass Balances
To understand the mechanism of salt effect on hydrate formation, it is necessary to
understand what happens to salt ions after hydrate formation. A reasonable way to
do that is to investigate if the amount of salt in the aqueous solution is changing
after hydrate formation. Therefore, the concentration of Na+ ion in the remaining
solution and melted hydrate was measured. The results presented in Table 4.1 evidently
show that there were significant amounts of salts associated with hydrates formed.
The existence of ions in hydrate could be due to the fact that the ions are trapped
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between crystals and laid on the surface of the hydrate crystals on a macroscopic level
rather than a microscopic level. This is because dissolved ions in water attract and
hold several water dipoles around them and their effective diameter is bigger than
an average structure I cavities (3.95–4.33 A˚). The existence of ions in hydrates is an
important issue that researchers need to address when considering hydrate applications
such as water desalination under the assumption that salinity is zero in gas hydrates.
The finding is consistent with the results of MD simulation reported by Qi et al.
(2012) who showed that gas hydrates might not be salt–free and could include a small
amount of ions while the hydrate structures were stable. Ions may not enter the
hydrate cages. The MD simulation also indicates that Na+ and Cl– ions can exist on
the surface of the cavities (Qi et al., 2012). The results of both the MD simulation
and our macroscopic experiments for salt associated with hydrates demand further
studies to elucidate the mechanisms for trapping different salt ions in hydrates and
their commercial applications.
4.4.7 Surface Potential of Hydrates
Surface potential is a property that has been routinely used to characterise adsorption
properties of solid material in liquid systems. This property can provide valuable
information about the accumulation of halide anions at the hydrate/liquid interface.
Measuring the zeta potential of hydrate crystals that formed in the presence of sodium
halides, we measured a negative charge on hydrate particles. The highest absolute
value for zeta potential was observed at the concentration of 50 mM. Figure 4.9 shows
zeta potential of CO2 hydrates formed in the presence of sodium halide solutions. The
horizontal axis shows the initial concentration of the solution that hydrates formed in
it. Since all the hydrate samples were not available at the time we carried out zeta
potential measurement, just a few concentrations were examined and reported in this
work to give us an overview on what is happening at the surface of hydrates. It is seen
that the absolute value of zeta potential is highest at the transition concentration. It
can be concluded that, when the salt concentration is low, anions are mostly adsorbed
at the surface of hydrate crystals whereas in higher salt concentration, anions are mostly
solvated in water and cause the water structure to be more disturbed and hinder the
hydrate formation process. These results are consistent with our observation in regard
with hydrate kinetics that at transition concentration (50 mM), hydrate formed more
easily with the highest conversion percentage compared to other salt concentrations.
Previously, much research has focused on the inhibiting effect of concentrated ions
from the thermodynamic point of view and studied the effect of ions on the phase
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Figure 4.9: Surface (zeta) potential of CO2 hydrates formed in the presence of sodium
halides versus salt concentration used in hydrate formation.
equilibrium condition of gas hydrates (Bradshaw et al., 2008; Chapoy et al., 2012; Lu
et al., 2001). In addition to experiments, the classical MD simulation has also been
successful to indicate the prohibiting effect of a high concentration Cl– via changing
the thermodynamic equilibrium condition (Qi et al., 2012). However, there is a lack of
knowledge about the low concentration of ions such as halides on the kinetic of hydrate
formation. Our experimental work revealed that halide anions and particularly I– and
Br– can increase the gas consumption rate at a particular range of concentrations. This
indicates that ions at a specific condition can be a thermodynamic inhibitor as well as
a kinetic promoter, depending on the concentration used.
4.4.8 Proposed Mechanisms
Gas molecules fill and stabilise the hydrate cages constructed with water molecules via
hydrogen bonding. Addition of additives affects the intermolecular coupling within the
hydrogen bonding network in both bulk and interface and then the rate of hydrate
formation. To understand the mechanism of the hydrate formation in the presence of
salts, it is necessary to consider the hydrogen–bonding network of water both in bulk
water and at the gas–water interface.
In a gas hydrate system when the solution contains salts, ions and guest molecules
compete for water molecules (Sloan and Koh, 2008). When ions are solvated by water,
the ambient hydrogen bond network of water is affected by ionic bonds. Therefore, the
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number of hydrogen bonds in salt solutions is lower than that in pure water (Tromp
et al., 1992). The decrease in hydrogen bond numbers in ambient water reduces the
opportunity for water molecules to construct clusters for hydrate formation and reduces
gas hydrate cage stability in highly concentrated salt solutions (Lu et al., 2001). Larger
anions show stronger ability in affecting hydrate formation and gas uptake. With the
decrease in ion size (I− > Br− > Cl− > F−), the bond between the water molecules
and the ions becomes stronger (Lu et al., 2001). Therefore, it is reasonable that the
tendency of most water molecules is to bond to the F– and Cl– and inhibit the hydrate
formation. In such a situation water–ion bonds are stronger than water–water bonds
(Liu et al., 2004), therefore the water molecules do not tend to form a cage structure
and the water hydrogen bonding network is weakened. Such reasoning can explain
halide behaviour in high concentrations ≥ 250 mM where the effect of salts on the
bulk water network is significant.
The behaviour of the hydrate system in the presence of lower concentrations of NaBr
and NaI can be explained considering two factors: the ability of ions to disturb the
hydrogen bond network in bulk water and to weaken the hydrogen bonds at the water
interface.
The portion of the air/water interface occupied by halide anions is different based
on their size and polarisability. Using vibrational sum frequency generation (SFG)
spectroscopy, Liu et al. (2004) found that the interfacial water structures for the NaF
and NaCl aqueous solutions are similar to the air/water interface, whereas NaBr and
NaI cause significant distortion of the hydrogen–bonding network. In addition, SFG
studies by Schnitzer et al. (1999) of NaCl aqueous solutions have also shown that
chloride anions in 0.01x and 0.1x NaCl (where x is molar fraction) aqueous solutions
had no detectable effect on the water molecules at the interface (Schnitzer et al., 1999).
Assuming that NaF behaviour is similar to NaCl for these two salts, the perturbing
effect on the intermolecular hydrogen–bonding network at the interface is insignificant
at these concentrations.
The interfacial water structure (the hydrogen–bonding environment) of NaBr and
NaI aqueous solutions is disturbed more considerably at the vapour/water interface
rather than OH bonds in the bulk solution. Therefore, the hydrogen–bonding network
of water molecules in the interfacial region is weakened relative to that of neat water. Ji
et al. (2008) also showed that I–, which is straddled by water molecules at the interface
and appears near the surface, disrupts the nearby water–bonding structure and creates
a surface field that tends to reorient the more loosely bonded water molecules below
the topmost layer. Considering these two facts, it can be hypothesised that, in a
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Figure 4.10: Schematic presentations of the possible mechanism of CO2 hydrate forma-
tion in pure water (left) and in the presence of halide anions at transition concentration
(middle) or at high salt concentration (right). Green, blue, and red circles represent
CO2, water, and halide anion, respectively.
system consisting of gas and salt solution (similar to a system with surfactant), weaker
hydrogen bonds at the surface facilitate the transport of gas to the aqueous phase and
raise the concentration of guest molecules in water (Zerpa et al., 2010).
Moreover, salts with soft, polarisable ions increase the surface tension of water less
than salts composed of hard ions (Kunz , 2010). This means that, in the presence of
F– and Cl–, the higher surface tension is an obstacle for CO2 molecules to go through
the gas/liquid interface. It is proposed that, at the transition concentration, the effect
of salt on the gas/liquid interface is dominant compared to bulk liquid. In Figure 4.10.
Schematic presentations of the possible mechanism of CO2 hydrate formation in pure
water (left) and in the presence of halide anions at transition concentration (middle)
a schematic presentation of our proposed mechanism of CO2 hydrate formation in the
presence of halide anions is shown.
After the transition concentration, the water–halide interactions are more dominant
than water–water interactions. Thus, after adding a certain amount of salt, the bulk
liquid environment for the aqueous sodium halide solutions hydrogen bond network is
perturbed significantly and the water structure becomes more disordered, making the
formation of cages difficult. Perturbation of the hydrogen–bonding network increases
with the size and polarisability of the anion added to the water. Liu et al. (2004) used
FTIR and Raman spectroscopy in order to compare the effect of halide anions on the
water structure of the bulk solution to that of the interface. Comparison of the surface
(air/liquid interface) to the bulk spectra shows an increase in concentration of Br– and
I– in the interfacial region relative to the bulk.
According to Koh et al. (2000) an effective inhibitor is possibly the one that can
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suppress the orientational correlations between water molecules. On the basis of this
hypothesis, presumably in the range of transition concentration, anions are not able to
change the favourable water structure in the bulk liquid. On the other hand, because
of the adsorption of a certain amount of anions at the surface, and, therefore, weaker
surface hydrogen bonds, the concentration of hydrate former increases and gives rise
to faster hydrate formation kinetics.
4.5 Conclusion
In this work, the effect of sodium halide anions on CO2 hydrate formation kinetics
has been examined. The experimental results showed that halide anions at a specific
concentration can enhance the kinetics of CO2 hydrate formation by increasing gas
uptake and hydrate growth rate. The system has its best performance at the transi-
tion concentration, which is approximately 50 mM for all sodium halides. When the
concentration of the halide anion added to the water is increased, the more disordered
hydrogen–bonding network of the bulk prevails and hinders the hydrate formation
consequently. Changing the concentration and type of the chemicals has an effect on
shifting up or down the growth rate curves of CO2 hydrates. On the other hand, the
experimental results indicated the presence of ions in gas hydrate crystals after forma-
tion. This experimental result is consistent with the available MD simulations result
that reported that hydrates are not completely free from salts.
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Chapter 5
Non-destructive High Resolution
X–ray Micro Computed
Tomography for Quantifying Dry
Water Particles1
5.1 Abstract
Dry water is a powder containing up to 98%wt. water which is prepared by mixing
water with 2–6 %wt. hydrophobic silica nano particles. Dry water can be used as a
novel material in a number of ways, including gas storage and transportation, and CO2
capture in the form of clathrate hydrates. The role of dry water and its structure on
promoting the formation of gas hydrates is not well identified yet. The focus of this
study is to visually and quantitatively characterise the inner structure of dry water.
Both cryogenic and low vacuum scanning electron microscopy techniques have become
unsuccessful for this purpose. Thus high–resolution X–ray micro computed tomogra-
phy (HRXMT) was employed for this study as a novel and non–destructive technique.
Specifically, the HRXMT was used to study the effect of silica/water wt. ratio on
the statistical characteristics of dry water microstructure. Using this method useful
data such as number, surface area and volume distributions of dry water particles were
successfully obtained . The results showed that dry water was stable under ambient
condition for a long period. This technique was also successful in characterising the
structure changes in dry water and coalescence of dry water particles after exposure to
1Published in Journal of Advanced Powder Technology, 25(4), 1195–1204
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low temperature, high pressure and stirring. Low temperature did not affect the struc-
ture effectively, whereas high pressure and slow stirring broke down the structure fairly
readily with separation of dry water into the primary solid and liquid phases. These
findings will help us to understand the role of dry water in promoting the formation of
gas hydrate.
5.2 Introduction
Dry water is a water–rich powder that consists of hydrophobic fumed silica which en-
capsulate up to 20 times its weight of liquid water. In 1968 this product was patented
by Schutte et al. (1968). In this patent the procedure of encapsulating aqueous liq-
uid media within fumed or pyrogenic silica was described. The formation process
they proposed for dry water involved breaking up the water into such fine discrete
droplets and intimately contacting with a much finer hydrophobic silica powder. This
process was confirmed later by Forny et al. (2007) and Aussillous and Quere (2001).
Despite the number of applications that they suggested for their invention, little at-
tention was devoted to this product until 2004 when Degussa introduced dry water
for cosmetic chemistry. Degussa has shown that it can convert solutions containing
water–dispersible pigments, vitamins, plant extracts and other active ingredients into
powdered products. As the powder is rubbed onto the skin, the moisture trapped in
the powder is efficiently released (Lerner , 2004). In 2006 phase inversion of particle–
stabilised air–water systems, from air–in–water foams to water–in–air powders and vice
versa was studied by Binks and Murakami (2006). They investigated the effect of silica
particle wettability (hydrophobicity) on the product structure. They employed optical
microscopy and scanning electron microscopy (SEM) to see the microstructure of the
prepared powder and foam. Although these microscopic methods have given valuable
information, there are a number of disadvantages in regards with sample preparation.
For example, dried samples in vacuum are required and in the dried state the foam
becomes lumpy and crumbles easily. They also found that a slight difference in contact
angle of silica nanoparticles may lead to very different product formation in high shear
process (dry water, mousse, or suspension). Eshtiaghi and Hapgood (2012) also showed
how single dry water can be formed via the drop–template controlled method or via the
mechanical dispersion method. In a proposed flow chart it is shown that the formation
of mouse or dry water depends on contact angle and the energy applied per unit mass
of powder.
The operating conditions required to obtain dry water were studied by Forny et al.
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(2007). They characterised the powder by the water content, particle size distribution
and flowability. To study the microscopic structure, Langmuir–Blodgett film deposi-
tion and SEM were employed to observe the films. In order to overcome the difficulties
regarding the water evaporation in vacuum, they used a cryo–TEM (cryogenic trans-
mission electron microscopy) freeze fracture method to observe the silica protective
shell at the surface of dry water particles. Water ratio and particle size distribution
were investigated using a differential scanning calorimeter (DSC) and laser diffraction
(an industrial size analyser), respectively. This work was then expanded to study the
mixing processes characteristics in order to define critical parameters and to propose
specific mechanisms of dry water formation (Forny et al., 2009a). The formation of
dry water was explained based on the energy of immersion and adhesion (Forny et al.,
2009b). They continued their research to establish that the success of encapsulation
depends on the relative importance of process–related parameters with respect to the
physico–chemical properties of the material used (Saleh et al., 2010).
In 2008 a new application for dry water was patented by Cooper et al. (2008) who
examined methane and carbon dioxide storage in dry water hydrates (Carter et al.,
2009; Wang et al., 2008). It was demonstrated that dry water increases the kinetics
(the rate of gas uptake at a constant temperature) of formation of gas hydrates for
CO2, CH4 and Kr. These findings were confirmed in another research with the focus
on the gas storage application of dry water where the formation and dissociation rate
and storage capacity of dry water methane hydrates were investigated (Hu et al., 2011).
Recently a high capacity and improved reversibility was reported for a mixed colloidal
system made of hydrogel particles and dry water particles (Ding et al., 2013).
Characterisation of dry water is of critical importance for the detailed analysis of
dry water performance in operations such as gas hydrate formation process and is
essential for more detailed understanding and improved development of processes (Lin
and Miller , 2005). In general, the performance of dry water in gas adsorption might
depend on the statistical characteristics of dry water particle microstructures, such
as particle shape, interfacial area, etc. In addition, since special conditions such as
high pressure and low temperature and agitation (Sloan and Koh, 2008) are required
for hydrate formation the changes in the structure of dry water under the conditions
should also be investigated. To date, no research has been completed on the effect of
high pressure and stirring on the structure of dry water. Conventional particle size
analysis methods (e.g. sieving or sedimentometer) cannot be used to determine the
special structure of dry water and its characteristics. Although the methods of studying
the structure of dry water such as cryo–TEM microscopy (Forny et al., 2009a) and
confocal microscopy (Nguyen et al., 2010) are useful in investigating dry water, they
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do not provide statistical information about the size distribution of particles. Moreover,
these methods require drying or freezing the sample which can change the structure of
dry water particles.
In the current study low vacuum SEM and cryo–SEM have been examined initially
to image the dry water samples. Despite the various sample preparation methods
used, none of the techniques were successful for imaging the dry water sample due
to the structural changes under vacuum or cryogenic conditions. Therefore, a non–
destructive method was required to study the structure of dry water. In this regard,
high resolution X–ray micro computed tomography (HRXMT) was used to probe the
structure of dry water without disturbing the structure through sample preparation.
This technique offers a unique capability for quantitative analysis of dry water through
the direct acquisition of high resolution three–dimensional images. This novel method is
capable of providing micron voxel (volume of element) resolution which was unavailable
previously. The instrument takes a number of X–ray images of the sample from a
variety of angles. Computers then stitch the images together to build a 3D model
of the structure. Digital data of the reconstructed 3D image are directly related to
the composition of the material, therefore providing considerable information (Videla
et al., 2007).
With this apparatus, we established a new technique for the quantitative analysis
of size distribution of dry water particles. It can be used not only to measure the
physical parameters of a specimen such as inner space distribution but also to identify
the water and air phases (Hu et al., 2013; Lin and Miller , 2005), and quantitatively
analyse dry water samples with a much better accuracy than the previous available
methods. With this non-destructive technique the inner structure of dry water can
visually, correctly, and quantitatively be observed (Hu et al., 2013). The dry water size
distribution (number, surface area and volume) are then obtained and quantified. The
influences of high pressure, low temperature and stirring on the structure of dry water
have also been investigated by this method.
5.3 Experimental Section
5.3.1 Material
Chemical used in this work was hydrophobic fumed silica nanoparticles (5–30 nm,
aggregates 100–1000 nm). They were kindly supplied by Wacker Chemie (HDK grade
H18, prepared by treatment of hydrophilic silica with dichlorodimethylsilane, replacing
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surface Si−OH with Si−O−Si(CH3)2). The water used for preparing solutions in this
study was freshly purified using a setup consisting of a reverse osmosis (RO) unit and
an ultrapure academic Milli–Q system (Millipore, USA). The gas used in this work for
pressurising the samples was food grade carbon dioxide provided by Coregas with 99
% purity.
5.3.2 Dry Water Preparation
Having high surface free energy, ultra–fine particles tend to agglomerate in water. Be-
cause of their high hydrophobicity H18 particles agglomerate at the air/water interface.
Therefore, a high speed blender (kitchen style blender, Bamix mono, 14000 rpm) was
used to produce dry water particles. Various samples of dry water with different sil-
ica to water ratio were prepared for testing. Required amount of silica powder and
deionised water was weighted and poured into a glass beaker. Then mixed vigorously
with high speed of 14000 rpm for 3 minutes in three 1–minute bursts to maximise
the homogeneity. A small amount of each dry water sample was taken for HRXMT
scanning. In the next step, 60 g of the produced free flowing dry water powder was
easily poured into the stainless steel vessel without any residue. Depending on the
parameter which was the subject of the tests the samples were then cooled down to
3 ◦C, pressurised to 500 psi or stirred for required periods with speed of 120 rpm. The
cooled, pressurised or stirred dry water samples were taken for HRXMT scanning.
5.3.3 HRXMT Apparatus and Pressure Vessel
HRXMT: In the current work, for the direct examination and analysis of dry water
which varies in size from a few mm down to a few µm, a cone beam CT (VersaXRM–500,
Xradia, USA) was used. It provides fast data acquisition and better X–ray utilisation.
It is a valuable tool for 3D visualisation, characterisation and analysis of multiphase sys-
tems at a voxel resolution smaller than 10×10×10 µm3. Figure 5.1 shows a schematic
of the HRXMT system with X–ray hardware and X–ray optics used in this study.
Samples were set in a cylindrical holder with the internal diameter of 8.3 mm and
length of 3 cm mounted on a precision rotating stage. During the measurements of
the structural images a cone–shaped X–ray was emitted from a 2–µm aperture and the
samples rotated through 360◦. The scan image resolution was approximately 10 µm.
The HRXMT raw data were collected at 0.225◦ angle resolution for a total of 1600
sets, and then processed into a reconstructed image of the sample cross section. For
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Figure 5.1: Schematic of a high–resolution X–ray micro CT (HRXMT) (Xradia, USA).
the 3D images, the resolution was given by a 16–bit grey scale with 1024×1024 pixels.
In the measurements, the X–ray tube voltage was 60 kV and the current was 80 µA.
The scanning time was almost 2 hours, the field of view was approximately 1 cm, and
the slice thickness was 10 µm. The HRXMT images were analysed by our in-house
ImageJ plugins by which the transmittance of the X–rays was transformed into grey
scale (Burger and Burge, 2009). Therefore, silica particles, dry water particles and
free air spaces in the samples were differentiated by their grey scales. The grey scale
3D images were segregated into dry water particles by the significantly lower density
(high X–ray intensity) of air than the density of water and silica. Individual dry water
particles were defined by their voxels, volume, surface area and position relative to a
pre–defined coordinate system. Then the size distributions of the samples (by number,
surface area and volume of dry water particles) were calculated. The total surface area
and volume of dry water particles were calculated by summation. The average variables
are defined as the arithmetic means (i.e., the total sums divided by the number of dry
water particles).
Pressure vessel: The experimental set up consists of a stirred high pressure vessel,
cooling system and a data acquisition system. The stainless steel reactor designed and
manufactured by Parr Instruments (USA) with total volume of 450 mL (80 mm inner
diameter) able to sustain pressure up to 2900 psi (20 Mpa) with an internal stirring
system (a four vertical blade turbine type impeller) was employed. The pressure vessel
was equipped with a Wika S–11 pressure transducer and T–type thermocouple to
monitor the pressure and temperature inside the vessel. A water/glycerol mixture was
circulated in a RW–1025G Lab companion refrigerating bath.
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5.4 Data and Image Processing
Based on the reconstructed XCT data, several additional algorithms are needed to
properly implement the three–dimensional analysis for the particle population. One of
the problems faced in the analysis of three–dimensional material in a bed of multiple
particles is the identification and separation of contacted particles. In the case of dry
water, droplets were considered as particles of irregular shape and wide size range. For
object segmentation the latest techniques have been implemented to separate particles
from 3D images captured by the HRXMT analysis. Median filtering has widely been
applied in image processing for noise reduction because of its edge–preserving nature.
It is particularly useful to eliminate speckle noise from the imaging source (Jiang and
Crookes , 2006). Therefore, in the first step, 3D median algorithm was applied to re-
duce noise of reconstructed images. In order to further analysis the images must be
converted to black and white. Thus, image threshold was applied to generate a binary
image stack . In order to partition the input data in volume regions of which the
interior does not contain any sharp gray value transitions (Sijbers et al., 1997) and to
separate contacted particles the 3D watershed technique was applied. This technique
was applied through four sub steps. Firstly, 3D distance transformation (distance map)
which is the algorithm producing an image where the value of each pixel is the distance
to the nearest pixel from a set of objects was used (Cuisenaire and Macq , 1999). Sec-
ondly, 3D maxima analysis was performed to determine the local maxima in the image
and create a binary (mask–like) image of the same size with the maxima, or one seg-
mented particle per maximum. Thirdly, for finding connected components, classify and
label each particle cores, 3D 26–connected components algorithm was used to merge
connected maxima points. Each voxel was connected to its all 26 neighbors. At the
final step, flooding algorithm was used to expand each particle core to its size up to the
boundary of 3D distance transformation stack. Normally watershed algorithm leads to
an over–segmentation of the image, especially for noisy image materials (Sijbers et al.,
1997). Therefore, after completion of the watershed segmentation, it is also necessary
to perform an additional step of region merging in order to avoid over–segmentation,
that is, to control the level of detail in the segmentation (Mangan and Whitaker , 1999).
In this work over–segmentation was also avoided by another algorithm merged those
particles which have high ratio of contacted surfaces. After separating the particles,
each particle is identified with different parameters such as three dimensions, surface
area, volume, positions, average grey index and etc. 2D and 3D visualisation of full or
partial scan of particles can be established.
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5.5 Results and Discussion
5.5.1 Low Vacuum and Cryogenic SEM Techniques
Prior to XCT, two other techniques were examined to image the dry water samples.
Low vacuum SEM imaging was conducted using JSM 6460LA Scanning Electron Mi-
croscope (JEOL, Japan). This method was first chosen due to the fact that in low
vacuum mode, non–conductive and/or uncoated specimens can be imaged and anal-
ysed. In addition to that, sample preparation for this technique is not sophisticated.
However, under vacuum at room temperature the particles had collapsed. It was pre-
sumably due to the effect of both electron beam and vacuum on the encapsulated water
which boiled the water and destroyed the silica shell afterwards. Complementary ex-
periment was accomplished using frozen sample. For this purpose the sample was first
frozen in liquid nitrogen to slow down evaporation inside the SEM chamber. The ob-
servation showed that even the frozen sample had collapsed and the images taken were,
therefore, not reliable.
The second technique was cryo–SEM using Philips XL–30 SEM. This SEM is equipped
with an Oxford CT1500 cryo transfer system fitted to allow suitable liquid or hydrated
specimens to be frozen then imaged in the SEM. In order to use this instrument to study
powdered samples they must be attached to the sample holder using glue/adhesive or
frozen solid. If frozen samples are solid, they can be clamped without an adhesive.
However, frozen dry water does not hold together to be imaged safely in the cryo–SEM
i.e. it remains loose (slippery) and powdery. It must therefore be attached using glue.
To attach loose particles, Tissue TEK OCT compound (i.e. a well–known cryo glue)
was used. Then the OCT attached sample was plunged into slush liquid nitrogen then
shroud the frozen sample for cryo–transfer to the SEM. The shrouding prevents the
condensation of water vapour on the sample surface. However, for the dry water sam-
ple this did not work as the sample was very quickly removed by the vigorous boiling
that occurs. It was then found that to successfully freeze the dry water sample, it
must be frozen slowly by lowering the base of the Aluminium planchett into slush liq-
uid nitrogen. This allows the sample on top to freeze slowly without being dislodged
by boiling liquid nitrogen around it. However, water vapour from the air around the
frozen sample condensed extremely quickly on the sample surface and caused problem.
In an attempt to overcome these freezing and water vapour contamination problems,
the sample was attached with OCT then placed onto the pre–chamber cold stage. The
pre–chamber was immediately pumped down to reduce the chance of water vapour
condensing on the cold sample surface. This was also unsuccessful for the dry water
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sample as the sample was removed (this was observed through the pre–chamber viewing
glass) by the pre–chamber vacuum before it had time to freeze.
In addition to all the above mentioned issues with regards to sample preparation,
the dry water sample was also adversely affected by the OCT compound cryo–glue.
The OCT volume swells a lot when the sample was added (observed after freezing
under pre-chamber vacuum, coating with Au, and imaging in the cryo–SEM). Pre-
sumably the hydrophobic fumed silica interacts with the OCT compound and loses its
hydrophobicity which causes the silica shell to break and then the released water was
adsorbed by the glue. Therefore few cryo–SEM images of this sample are not a reliable
indicator of the true structure of dry water and will not be presented in this article.
All these efforts confirmed that for the purpose of this study and due to the special
structure of dry water a non–destructive technique is essentially required.
5.5.2 Observation of Dry Water Particles by HRXMT
As explained previously in section 5.4, in order to determine the number, 3D dimen-
sions, surface area and volume of dry water particles, a number of computer programs
were developed for image analysis. The reconstructed 3D images show that space dis-
tribution position of water and silica particles in dry water samples can be established
in the acquired 3D CT images. The obtained data of the voxel size and position are
used to calculate the number, surface and volume of dry water particles in the samples.
Figure 5.2 shows an orthogonal and 3D view of reconstructed image of a cylindrical
sample containing dry water with 5 %wt. silica with a diameter and height of 8.3 and
6 mm, respectively. The orthogonal view gives us the opportunity to investigate the
position of a particular dry water particle and observe it from 3 angles in XY, XZ, and
YZ axis. 3D view also helps us establish a general overview of particle size, uniformity
and distribution. For simplicity only one image set illustrating the structure of dry
water with 5 %wt. silica is presented in this figure. However, all samples were first
visually observed and then quantitatively studied by the same method.
Initially, the stability of dry water under ambient condition was examined by scan-
ning a sample immediately after preparation and after being kept at room temperature
in a closed container (to avoid water evaporation) for 18 hours under. The related im-
ages are shown in Figure 5.3, which confirms that dry water was indeed very stable
under normal condition and no considerable change was observed in its structure.
Considering the mechanism proposed by Schutte et al. (1968) for dry water forma-
tion, it was expected that by increasing the ratio of silica to water the average size
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Figure 5.2: Spatial distribution of particles in dry water with 5 %wt. silica: (a) XY
(b)YZ (c) XZ and (d) 3D HRXMT images
Figure 5.3: HRXMT images of a dry water sample with 3 %wt. silica nanoparticles,
taken after (a) preparation and (b) being kept at room temperature in a closed system
for18 h. No difference between the images can be observed, confirming the long–term
stability of the samples after being produced.
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of dry water particles decrease. This could be the result of better coverage of fine
droplets by silica particles, assuming the solid silica particles would be totally and
irreversibly adsorbed at the interface (Carter et al., 2009). This expectation led us to
begin our research by studying the effect of silica /water %wt. ratio on the structure
of dry water. For this purpose four silica/water %wt. ratio were considered and tested,
namely, 2 and 3 %wt. as low ratio, and 5 and 6 %wt. as high ratio. It must be noted
that because of the low bulk density of hydrophobic fumed silica particles (50 g/L)
this range of silica/water %wt. ratio was sufficiently wide to establish the differences
between the lower and higher ranges.
Observations of dry water produced with different ratio of silica to water before and
after each test reveal the uniformity and difference in size of dry water particles. Images
in Figure 5.4 demonstrate that at lower ratio of silica to water (2 and 3 %wt.) the
average size of dry water particles was bigger than those at higher silica/water %wt.
ratio (5 and 6 %wt.). It was indicated that in lower silica/water %wt. ratio some
dry water particles are connected to their neighbours, whereas, in higher range of
silica/water %wt. ratio better coverage of dry water particles by silica nano–particles
was observed. Some big particles at 2 and 3 %wt. dry water were not fully covered by
silica nano–particles and attached to each other from the uncovered sides and formed
bigger unshaped particles. On the other hand, at 5 and 6 %wt. dry water small dry
water particles were separately observed. The results of further quantitative analysis
on the HRXMT images which confirm these observations will be presented in the
next section. Based on these observations it was expected that at higher ratio of
silica nano particles the produced dry water stays stable against many changes in the
initial conditions like pressure, temperature or mixing. Temperatures higher than room
temperature was not of our interest as the main focus of this study was the application
of dry water in clathrate hydrate formation. Therefore the temperature chosen for this
study was 3 ◦C. Cooling the samples down to 3 ◦C did not affect the dry water structure
and the samples remained stable after the cooling process. As the images were similar
to the original samples they will not be shown in this paper. Conversely, it was observed
that high pressure and slow stirring affected the structure and size distribution of dry
water particles. Depending on the ratio of silica to water, dry water samples showed
different stabilities against these changes. Prior to the tests dry water was one powder
like (a single phase), whereas after stirring or pressurising part of the water squeezed
out and the vessel contained two phases: bulk water at the bottom of the cell and
dry water on the top. After pressurizing by CO2 gas under 500 psi for 5 min, the
amount of water released from dry water and settled down at the bottom of the vessel
was 58.69, 51.83, 47.35 and 36.56 %wt. for 2, 3, 5 and 6 %wt. of silica/water %wt.
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Figure 5.4: HRXMT images of dry water samples show the effect of silica/water %wt.
ratio on the structure of dry water and particle size. Samples with high sil-
ica/water %wt. ratio contains small particle. Colors are randomly chosen to distinguish
discrete dry water particles and they do not represent a particular size or material
ratios used, respectively. Likewise, after stirring, the corresponding amount of water
released from dry water was 20.85, 14.54, 9.50 and 8.24 %wt., respectively. Evidently,
increasing the ratio of silica to water decreased the amount of water released from dry
water: Dry water with 2 and 3 %wt. silica was less stable under high pressure and
stirring. Moreover, significant impact was observed on the structure of dry water as a
result of pressure rather than stirring: less water was separated from the stirred dry
water and settled at the bottom of the cell.
The images of the pressurised dry water samples are shown in Figure 5.5. It shows
that at lower ratio of silica to water the structure of dry water was destroyed while
at the higher range of the ratio discrete dry water particles could be distinguished.
It was indicated that those small particles which were fully covered by silica nano
particles were capable of keeping their shape and size under sever conditions. Since
pressurisation process destroyed the structure of dry water, it contained a mixture of
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Figure 5.5: HRXMT images of dry water samples show the effect of high pressure on
the structure of dry water and particle size. Samples with higher silica/water %wt.
ratio are less affected by high pressure.
water, air and silica powder in many parts. Therefore, image analysis had limitations
to analyse the images of pressurised samples. Particle segmentation could not be
implemented appropriately for very big droplets. However, the results still show that
a number of small particles remained after pressurising.
Figure 5.6 shows the images of each sample after 3 hours stirring with the speed of
120 rpm. It was observed that low speed stirring produces big particles. However, low
shear mixing did not disturb the system and destroyed the structure of dry water as
strong as high pressure. Similarly, the samples with low ratio of silica to water were
affected more and produced bigger particles. It was hypothesised that low shear mixing
broke the silica shell of particles and particles had sufficient time to coalesce and form
a larger dry water particle.
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Figure 5.6: HRXMT images of dry water samples show the effect stirring on the
structure of dry water and droplet size. Low shear force breaks the silica shell causes
dry water particle to coalesce and produce big droplets.
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5.5.3 Number, Surface and Volume Distribution
Particle size is a valuable indicator of quality and performance of dry water because
of its similar behaviour to powder. Our observations indicated that small particle size
would typically improve dry water stability under severe conditions. In addition to
that we hypothesised that more contact area facilitates gas molecules penetration into
the dry water with smaller particles. Therefore, measuring and controlling the particle
size distribution in dry water is of great importance in the application of dry water in
gas storage in the form of clathrate hydrates.
Image analysis provides statistically relevant data of particle size as well as visual
images, which in combination give detailed insight into the sample structure (Kippax ,
2009). In this work particle characterisation and size reduction or size growth were
studied using this method. Unlike other works which focused essentially on sphericity
factor (Forny et al., 2009a) or other techniques (e.g. laser diffraction, dynamic light
scattering, acoustic spectroscopy) which make the general assumption that every par-
ticle is a sphere, image analysis is the only technique which can describe particle size
using multiple values for particles with larger aspect ratios. As the shape of dry water
particles varies, non–spherical particles were described using the mean value of three
dimensions (length, width and height) to provide greater accuracy.
Figure 5.7 shows the number distribution of dry water particles in dry water with
different silica/water %wt. ratio. As shown in this figure, by increasing the ratio of sil-
ica to water, the percentage of dry water particles with smaller diameter was increased.
The percentage of dry water with the diameter smaller than 100 µm in the sample with
only 2 %wt. silica was 14.8%, whereas this number for the sample with 6 %wt. silica
increased to 24.6%. On the other hand the percentage of dry water larger than 300 µm
decreased gradually by increasing the ratio of silica to water. The graph shows that
73.6% of dry water in 6 %wt. silica was smaller than 200 µm in diameter, whereas this
number for the 2 %wt. silica is 53.3%. This graph shows that in the samples with low
silica/water %wt. ratio the percentage of large dry water particles were higher than
that of high concentrated sample. The corresponding cumulative distribution is shown
in Figure 5.8. Cumulative distribution is demonstrated using undersize presentation,
which illustrates the amount of particles smaller than the defined size. The median
value (Dn50) is also illustrated in this graph. Dn50 is defined as the value where half of
the population resides above this point, and half resides below this point. By increasing
the ratio of silica to water from 2 %wt. to 6 %wt., Dn50 decreased slightly from 151
to 191 µm while Dn90 decrease rapidly from 704 to 324 µm.
Figure 5.9 shows the surface distribution of dry water with different ratio of silica to
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Figure 5.7: Effect of silica/water %wt. ratio on the number distribution of dry water
particles.
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Figure 5.8: Cumulative number distribution of dry water particles. The arrows illus-
trate the passing diameters, Dn50 and Dn90.
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Figure 5.9: Effect of silica/water %wt. ratio on the surface area distribution of dry
water.
water. Here the contribution of each particle in the distribution relates to the surface
area of that particle. As seen in this graph, the surface distribution of dry water with
higher silica/water ratio of 5 and 6 %wt. were narrow and the related modal diameter
which is the diameter at the peak of the distribution graph was 300 µm (at 15.4%) and
200 µm (at 19.6%), respectively. By decreasing the ratio of silica to water the surface
distribution becomes wider and in dry water with 2 %wt. silica the surface area was
evenly distributed. The graph indicated that a considerable percentage of surface area
was related to the dry water with the average diameter bigger than 2000 µm. The
corresponding cumulative distributions of dry water particles surface area were shown
in Figure 5.10. Median values for surface distribution (Ds50) of the samples were
indicated as 1549, 632, 430 and 349 µm.
The volume distribution of dry water samples and the related cumulative distribu-
tion are shown in Figure 5.11 and Figure 5.12, respectively. The trend observed in
these graphs was similar to the surface distribution. It was indicated that for samples
of 2 %wt. and 3 %wt. dry water a few big dry water particles with the diameter
around 3700 and 5300 µm occupied a considerable volume of the samples. In the
case of silica/water 2 %wt. ratio, the particle size distribution also shows a bimodal
distribution.The cumulative volume distribution graph shows that the median values
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Figure 5.10: Cumulative surface distribution of dry water particles illustrating the
effect of silica/water %wt. ratio on Dn50.
for volume distribution (Dv50) were also affected by the presence of big particles. As
shown in this figure by increasing the ratio of silica to water from 2 %wt. to 6 %wt.,
Dv50 decreased significantly from 3156 to 475 µm.
5.5.4 Effect of Pressure and Stirring
Further statistical analyses on the images of pressurised and stirred dry water samples
were conducted to determine the size distribution of dry water particles. As mentioned
previously in section 5.5.2, after stirring or pressurising the samples part of the water
was separated from dry water and joined the bulk water. The remaining dry water
was then separated from bulk water using a small kitchen style stainless steel mesh
sieve. The samples for HRXMT imaging were then taken from the remaining part
in the sieve. Due to the loss of water after pressurisation the ratio of silica to water
in dry water were higher than the original samples. Therefore, the direct comparison
between the original sample and the samples after pressurising or stirring includes
non–negligible errors and will not be discussed here. However, the data from image
analysis still provides useful information about the size distribution in these samples.
The graphs in Figure 5.13 show the number distribution of dry water particles partilces
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Figure 5.11: Effect of silica/water %wt. ratio on the volume distribution of dry water.
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Figure 5.12: Cumulative volume distribution of dry water particles illustrating the
effect of silica/water %wt. ratio on Dn50.
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Figure 5.13: Number distribution of dry water particles after stirring and pressurising.
Small particles retained their size and remained stable after exposing to high pressure
and shear force.
in dry water with different ratio of silica to water after stirring and pressurising. In
this graphs the maximum point at 200 µm demonstrated that many of the small dry
water particles resist severe conditions whereas bigger particles broke and released the
free water. This has also been confirmed by surface and volume distribution which
are shown in Figure 5.14 and Figure 5.15, respectively. These graphs demonstrate
that in all samples the small droplets survive after exposing to sever conditions and
only big particles were disappeared after pressurising and stirring. This confirmed our
hypothesis that dry water which contains small particles is more resistant against high
pressure more. In addition to that it was indicated that under gas hydrate formation
condition, many small particles which provides a high contact area are available in
the system. This provides useful information to understand the role of dry water in
accelerating the formation of gas hydrates.
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Figure 5.14: Surface area distribution of dry water particles after stirring and pres-
surising.
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Figure 5.15: Volume distribution of dry water particles after stirring and pressurising.
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5.5.5 Mechanism of Dry Water Formation
The particle size analysis and number distribution graphs of all samples show the
modal diameter is approximately 200 µm in all cases. In this section the mechanism
of particles formation and the factors influencing the size of the particles in dry water
are discussed.
Dry water formation can be achieved, conceptually, by first forming an uncoated
liquid drop and then by allowing hydrophobic particles to adsorb onto the dry water
particles (Aveyard et al., 2003). In addition to the external mixing force the properties
of solid material (e.g. hydrophobicity and particle size) and the physical chemistry of
the solid–liquid interface plays a role in the formation of droplets. The mechanism of
the formation of the shell–like structure of dry water has been investigated by Forny
et al. (2009b,a). In that work the energy of adhesion (particle attaches to the liq-
uid/vapour interface) and immersion (particle being immersed in liquid phase) were
measured using an equation derived from the Young equation. It was shown that the
energy of adhesion is always negative which means that any particle will spontaneously
attach to the interface of any liquid. Energy of immersion becomes positive when the
contact angle θ > 90 meaning that immersion is not spontaneous, and energy is re-
quired to immerse the particle. Above 45◦ the attachment to the surface is always
energetically more favourable than full immersion. From these considerations about
the solid–liquid interactions, the formation of the shell–like structure of dry water was
explained (Forny et al., 2009b). For the mechanism proposed by Forny et al. (2009a)
it was assumed that the mixing process plays an important role in creating small water
droplets and assisting their coating by solid particles. It was reported that below the
speed of 3000 rpm no encapsulation was observed and for a successful powder forma-
tion turbulent flow was required. It was therefore hypothesised that vigorous stirring
conditions split bulk water into big droplets that were immediately isolated from each
other by spontaneous fumed silica particles coating and then these big droplets were
divided into small particles by high shear forces which resulted in reducing the average
size of dry water particles. In the current work all the mixing parameters (e.g. speed,
impeller type and mixing time) were kept constant for all samples which resulted in
the same modal diameter in all dry water samples. The fact that the most populated
particle size is independent of silica/water %wt. ratio is in agreement with the hy-
pothesis that the size of dry water mostly depends on high shear mixing forces. In
addition to that, to explain the mechanism of dry water formation other factors such
as interactions between hydrophobic particles, water and air must be considered. In
the case of hydrophobic particles which adsorb to air/water interface, the contact angle
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Figure 5.16: Corresponding probable positioning of hydrophobic particles (θ > 90◦) at
a curved air/water interface. For hydrophobic particles the particle resides more in air
or oil than in water (Binks , 2002).
θ which the particle makes with the interface is of great importance (Aveyard et al.,
2003). Figure 5.16 illustrates that for hydrophobic particles a large fraction of the
particle surface resides more in air (nonpolar phase) than in water. The monolayers
will curve such that the larger area of the particle surface remains on the external side,
giving rise to water–in–air dispersions (Binks , 2002) like dry water samples shown in
this paper. Nguyen et al. (2010) investigated dry water structure using confocal micro-
scope and showed that the fine particles in dry water powder shell help the liquid core
to avoid contact with a wetting surface and hence increase the flexibility of the dry
water in withstanding compression forces. They also concluded that the hydrophobic
powder attraction forces are the dominating factor in keeping the integrity of the dry
water. Further investigations need to be performed to explain in details the way these
parameters influence mechanisms of powder formation.
5.6 Conclusion
The high resolution X–ray micro CT technique combined with digital image processing
tools has been employed to study the structure of dry water. The outcome of this work
evidently showed that this technique provided a new methodology for non–destructive
determination and analysis of dry water microstructure. This novel technique was
particularly used to characterise micro–sized dry water particles and determine the
particle size distributions. The results demonstrated that image analysis was able
to quantify the results in terms of number, surface and volume of water particles.
Increasing the ratio of silica to water increased the stability of dry water when exposing
to high pressure and stirring. The results also showed that pressure and stirring caused
coalescence of big dry water, whereas smaller dry water remained unchanged in the
system. The strongest impact was observed on the samples with lower ratio of silica
to water which contained big dry water particles.
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Chapter 6
A Fundamental Investigation of the
Effects of Hydrophobic Fumed
Silica on the Formation of Carbon
Dioxide Gas Hydrates1
6.1 Abstract
Promoting the kinetics of CO2 hydrate formation using additives is of great importance
in industrial applications of gas hydrates such as capture and storage of carbon dioxide.
However, the mechanism of hydrate formation in the presence of solid particles is not
well understood. This paper aims to gain a better understanding of the fundamental
aspects of CO2 hydrates formation in the presence of hydrophobic silica nanoparticles.
A novel mechanism for gas hydrate formation in the presence of hydrophobic particles
was established from a series of well–designed experiments. Two types of particle
stabilised systems: air–in–water foam and water–in–air powder (dry water), made by
mixing hydrophobic silica nanoparticles and water were tested. Gas consumption, CO2
conversion, induction time and hydrate growth rate have been examined to establish the
influence of particle hydrophobicity and concentration on hydrate formation kinetics.
The results show that the promoting effect depends on the particle hydrophobicity and
concentration. The most hydrophobic silica (dry water) enhances the kinetics of CO2
hydrate formation effectively. Cryogenic scanning electron microscopy combined with
energy dispersive spectroscopy was used to examine the morphology, microstructure,
1In press in Journal of Energy & Fuels
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pore characteristics of CO2 gas hydrates and elemental composition of the samples. To
provide further insight into the adsorption of gas molecules at the water/solid interface,
surface potential of the hydrophobic fumed silica particles in aqueous system before
and after exposing to N2 and CO2 gas was measured. These results in combination
with the result of our recent study on the structure of dry water successfully provided
further detailed information on how hydrophobic fumed silica promotes the formation
of gas hydrates.
6.2 Introduction
Gas hydrates are a class of non–stoichiometric crystalline inclusion compounds known
as clathrates that form when water and certain gases are mixed at elevated pressures
and low temperatures. There is currently significant interest in using gas hydrates for
the capture of a range of gases (Carter et al., 2009). CO2 capture and sequestration
(CCS) is an expensive process and the greatest cost of the various available sequestra-
tion schemes derives from their CO2 separation and compression components (Englezos
and Lee, 2005). Hydrate–based separation is recognised as a promising and potentially
cheaper alternative to more established separation technologies such as absorption,
adsorption and membrane separation (Yang et al., 2008). However, the slow forma-
tion rate of gas hydrates remains an economic barrier to the contemporary application
of gas hydrates in industry and further study is needed to develop and establish an
economic process.
Studies of the thermodynamics of hydrates in a system containing carbon dioxide
and a mixture of guest molecules began decades ago and research has continued steadily.
Consequently, the current volume and scope of the relevant literature is extensive. Some
areas have received particular attention. For example, the thermodynamics of hydrate
formation in a system that contains a mixture of methane and carbon dioxide in pure
water and in aqueous electrolyte solution has been studied widely (Adisasmito et al.,
1991; Brewer et al., 1999; Dholabhai et al., 1993; Halpern et al., 2001; Ohgaki et al.,
1996; Saito et al., 2000; Yoon et al., 2004). The three–phase (H–L–V) equilibrium of
other mixtures such as CO2–N2 (Kang et al., 2001b,a; Kang and Lee, 2000; Seo et al.,
2005) and CO2–H2 (Seo and Kang , 2010) has also been investigated comprehensively.
By contrast, the literature on the kinetics of gas hydrate formation and decompo-
sition is sparse as a consequence of the complexity of hydrate nucleation and growth.
The mechanism of CO2 hydrate formation has been the subject of many experimen-
tal (Bergeron and Servio, 2008; Chun and Lee, 1996; Fleyfel and Devlin, 1991; Horvat
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et al., 2012; Malegaonkar et al., 1997; North et al., 1998), computational modeling (En-
glezos et al., 1987; Lund et al., 1994; Shindo et al., 1993) and molecular dynamic (MD)
simulation studies (Christiansen and Sloan, 1994; Shindo et al., 1995). Considerable
practical research has been focused on the formation of gas hydrates from CO2–N2 and
CO2–H2 gas mixtures (Englezos et al., 2008; Kumar et al., 2006; Linga et al., 2007a).
Despite the volume of research, the precise mechanism of hydrate formation remains
largely unknown, particularly at the molecular level.
A number of research have been conducted on the formation of gas hydrates in
porous media (Babu et al., 2013; Haligva et al., 2010; Linga et al., 2009b; Zatsepina
and Buffett , 2002). Zatsepina and Buffett (2002) developed an experiment to crystallise
gas hydrate from dissolved CO2 in natural porous media and used the collected data
to model the nucleation of hydrate in porous media estimate the nucleation timescale
under different thermodynamic conditions. Silica sand silica gel have also been inves-
tigated as contact medium to capture CO2 from fuel gas mixture (Babu et al., 2013).
This study showed that water conversion to hydrate is higher in silica sand (36% com-
pared to 13% in silica gel) and indicated that silica sand can be an effective porous
media for separation of CO2 from fuel gas when compared to silica gel.
Some researchers believe that effective hydrate promoters are a prerequisite for an
economic separation operating system (Seo and Kang , 2010). The additives tetrahy-
drofuran (THF) (Kang et al., 2001b; Lee et al., 2010; Sabil et al., 2010a) , tetra–n–butyl
ammonium bromide (TBAB) (Arjmandi et al., 2007; Li et al., 2009a, 2010a, 2009b,
2010b), cyclopentane (CP) (Zhang and Lee, 2009) or silica (Bai et al., 2012) have been
tested and used commonly as promoters for CO2 hydrate formation. Collectively these
studies reveal that hydrate nucleation process and onset growth are enhanced by these
promoters (Sabil et al., 2010a). Certain promoters elevate the hydrate equilibrium
temperature at a specified pressure and certain promoters reduce the formation pres-
sure at a particular temperature. Recently, a new application of “dry water” (DW)
was patented by Cooper et al. (2008) who examined methane and carbon dioxide stor-
age in DW hydrates Carter et al. (2009); Wang et al. (2008). They prepared DW
by mixing water, hydrophobic fumed silica nanoparticles and air at high speed and
demonstrated that this free flowing powder increased the kinetics of formation of gas
hydrates for CO2, CH4 and Kr. Hu et al. (2011) investigated the gas storage applica-
tion of DW methane hydrates and Ding et al. (2013) examined the hydration kinetics
and methane storage capacity of a mixed colloidal system made of hydrogel particles
and DW droplets. Previously the salient mechanism for the formation of gas hydrates
in DW was believed to be the large surface area/volume ratio of the highly dispersed
water phase compared to the bulk water (Wang et al., 2008). However, there are still
91
Chapter 6. Effects of Hydrophobic Fumed Silica on CO2 Gas Hydrates Formation
a lot of fundamental studies to be done on this particular material to understand the
kinetics and mechanism of CO2 hydrate formation in DW. In particular, the exact
effect of hydrophobic surface on the interfacial properties of water and the formation
of gas hydrate has not been elucidated.
It is the purpose of the current work to provide further insight into the formation
of gas hydrates near the hydrophobic surfaces. For this, we used two types of particle
stabilised systems as experimental models: (1) air–in–water foam “silica foam” (SF);
and (2) water–in–air powder “dry water” (DW). Using hydrophilic silica as an additive
is out of scope of this work since creating a stable silica–water suspension is a challenge.
A series of experimental works was conducted to further investigate the effect of silica
hydrophobicity and concentrations on the formation of CO2 hydrates. Several parame-
ters such as gas uptake, conversion, induction time and growth rate that are associated
with the nucleation and crystal growth process were obtained. The promotion efficiency
of these additives was compared to THF which is a well–known CO2 hydrate promoter.
Cryo–SEM combined with EDS was used to examine the morphology, microstructure
and pore characteristics of CO2 gas hydrates as well as elemental composition of the
samples. The surface (zeta) potential measurement of the hydrophobic particles and
the results of characterisation of DW structure by non–destructive high–resolution X–
ray micro computed tomography (HRXMT) successfully provided further insight to
the role of hydrophobic surfaces the adsorption of gas molecules onto the water-solid
interface (Farhang et al., 2013, 2014a). Finally based on all these observations and
considering the changes in water structure as a result of contacting a hydrophobic solid
surface, a new mechanism for CO2 hydrate formation in dry water is proposed.
6.3 Experimental Section
6.3.1 Materials
The CO2 gas used in this work was food grade carbon dioxide provided by Coregas
(Australia) with 99% purity. Chemicals used in this work were tetrahydrofuran with
99% purity from Sigma Aldrich (Australia) and two types of hydrophobic fumed sil-
ica (5–30 nm, aggregates 100–1000 nm) with different degree of hydrophobicity (with
the contact angle of θ = 105◦ and θ = 130◦) (Binks and Murakami , 2006). The
most hydrophobic fumed silica nanoparticles was HDK grade H18 prepared by treat-
ment of hydrophilic silica with dichlorodimethylsilane, replacing surface Si−OH with
Si−O−Si(CH3)2 and was kindly supplied by Wacker Chemie AG (Australia). The
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other hydrophobic fumed silica was Aerosi R©R972 (pure silicon dioxide particles hy-
drophobised by hexamethyl–disilazane) and was kindly supplied by Evonik Industries
(Australia). Water passed through a Mili–Q reagent water system (Milli–Q Academic
system, Milipore, USA) and used for suspension preparation.
6.3.2 General Methods
The two experimental models of SF and DW were formed by mixing respectively R972
and H18 hydrophobic fumed silica particles with pure (deionised) water (PW). Various
ratio of silica to water in the range of 1 to 6 %wt. were considered. According to
the low density of hydrophobic fumed silica (50 g/L) this range of concentrations was
wide enough to establish the differences between the lower and higher ranges. These
model systems were exposed to the following suite of experimental measurements, and
protocols designed to elucidate the effect of silica hydrophobicity and concentration on
the formation of CO2 hydrates and to establish if the physical structure of DW is the
sole influencing factor on CO2 gas hydrate formation:
• Measurements were made of gas uptake, CO2 conversion, growth rate and other
parameters associated with the kinetics of the hydrate formation.
• The promotion efficiency of both SF and DW were compared to that of the
well–known CO2 hydrate promoter: tetrahydrofuran (THF).
• The synergetic effect of DW plus THF was examined.
• The morphology, microstructure and pore characteristics of CO2 gas hydrates
were elucidated by cryo–SEM.
• The elemental composition of CO2 gas hydrates was determined by EDS.
• The surface (zeta) potential measurement of the hydrophobic silica particles in
an aqueous system was measured before and after exposure to N2 and CO2 gas.
6.3.3 Synthesis of Silica–Water and THF–Silica–Water Mix-
tures
Like other ultra–fine powders, R972 and H18 silica particles will agglomerate at the
air/water interface, due to their high surface free energy and high hydrophobicity. To
overcome this and to make homogenous sample mixtures, quantities of PW and either
R972 and H18 silica were weighed, transferred to a glass beaker, and mixed vigorously
93
Chapter 6. Effects of Hydrophobic Fumed Silica on CO2 Gas Hydrates Formation
with a high speed blender (kitchen style stick blender, Bamix R©mono) at 14000 rpm
using bursts of one minute duration for a total of three minutes. After mixing, 60 gr
of each mixture was poured into the stainless steel vessel of the gas hydrate apparatus.
Using different silica powders resulted in two types of dispersed phase, which we
ascribed to the different hydrophobicity of R972 and H18 silica in agreement with Binks
and Murakami (2006). The very hydrophobic particles of H18 produced a free flowing
powder containing numerous coated water drops, referred to as dry water (DW) in the
literature. While the less hydrophobic silica of R972 lead to formation of air–in–water
foam (SF).
THF sample mixtures were prepared by adding the required amount of THF to
measured quantities of PW. These samples did not, however, require vigorous mixing
so they were mixed only with the impellor of the reactor. Samples comprised of DW
plus THF mixtures were prepared by mixing the required amount of THF and PW
and then adding silica H18 and mixing these vigorously by high speed blender.
To benchmark the level of effectiveness of DW the results were compared to THF,
an established and efficient CO2 hydrate promoter. Two concentrations of THF were
chosen (1 %wt. and 4 %wt.) to be the same as those used in previous studies by Linga
et al. (2007c).
In addition, the possible synergic effect of three different combinations of THF plus
DW on the percentage of CO2 converted to hydrate after 24 h was tested: (1) THF
1 %wt. + DW 3 %wt.; (2) THF 2 %wt. + DW 2 %wt.; and (3) THF 3 %wt. + DW 3 %wt.
This experiment was first inspired by the work by Torre et al. (2012) who observed
the synergic effect of sodium dodecyl sulphate (SDS) and THF in promoting hydrate
formation.
6.3.4 Hydrate Formation and Kinetic Measurements
Experimental design and calculations follow essentially that described in Farhang et al.
(2014b) with the following variations: (1) 60 g of sample was used instead of 120 g;
and (2) the mixing period before pressurisation was increased to 3 hours to ensure
that equilibrium temperature was achieved. We investigated the effect of particle
hydrophobicity and concentration on the kinetics of CO2 hydrate formation using a
constant volume method. The system was closed, and the volume kept constant while
system pressure decreased naturally due to hydrate formation. Reactor pressure and
temperature were recorded as a function of time. A schematic representation of the
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Figure 6.1: Schematic representation of the high–pressure kinetics measurement appa-
ratus used in this study.
high pressure system used for the measurement of kinetic of formation of clathrate
hydrate in the present work is depicted in Figure 6.1.
6.3.5 Cryogenic Scanning Electron Microscopy
Cryo–SEM is recognised an effective tool to image samples containing water at very
low temperatures (Echlin, 1992, 2009). On suitable samples, the “traditional” ben-
efits of scanning electron microscope such as high resolution, large depth of field
and X–ray microanalysis, are available. Secondary electrons (SE) generally provide
shape/topography contrast, and back scattered electrons (BSE) generally provide atomic
number (Z) contrast. For cryo–SEM, SE and BSE images were collected with a JEOL
JSM–7100F scanning electron microscope (SEM) equipped with a Gatan Alto 2500
Cryo System. SE and BSE images were routinely collected at 2 kV and 10 kV, respec-
tively. Cryo–stage vacuum was consistently at 9.6×10−5 Pa and no change in porosity
was observed over time for any sample during imaging.
6.3.5.1 Sample Preparation and Imaging Procedure for Cryo-SEM
After formation of hydrate samples, the reactor was removed from the cooling water
bath and surrounded by dry ice to reduce the dissociation of CO2 hydrates that occurs
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at normal temperature and pressure. The CO2 gas pressure was discharged into the
fume hood via the gas release valve and the reactor opened promptly to access the
gas hydrates samples formed inside. In preparation for cryo–SEM, frozen gas hydrate
samples were transferred to pre–cooled vials surrounded by dry ice in an isolated con-
tainer and transported to the Centre for Microscopy and Microanalysis (CMM) for
subsequent cryo–SEM imaging and microanalysis. At CMM, samples were submerged
in liquid nitrogen, cleaved to suitable smaller sizes, placed in cryo–vials and stored
under liquid nitrogen in a dewar until required.
For cryo–SEM, samples were kept submerged in liquid nitrogen while clamped gently
into a ALT118 brass Gatan sample holder before transfer under high vacuum to the
cold (< 100 K) pre–chamber of the Gatan Alto 2500 cryo–preparation and coating
station. Inside the cryo–preparation chamber, samples were fractured with a Gatan
rotary knife to provide a clean surface uncontaminated by atmospheric water. Samples
were routinely sputter coated in the cryo-preparation chamber with Pt for 120 s at
10 mA (circa 5–10 nm thickness), then transferred to the SEM chamber for imaging
and microanalysis.
Stern et al. (2004) asserted that the application of scanning electron microscopy
to the study of gas–hydrate presents numerous technical challenges and artifacts that
they largely overcame with careful procedures and the use of correct equipment. To
avoid these problems, we used essentially the equipment and methods recommended by
them. We were particularly careful to reduce or avoid artifacts associated with sample
decomposition, the condensation of atmospheric water during routine cold transfer of
samples, and any effects of sputter coating on sample morphology. To test whether
surface topography was altered by the process of sputter coating, one sample was
imaged uncoated and then again after coating for comparison.
6.3.6 Energy Dispersive Spectroscopy (EDS) Analysis
Samples were assessed for elemental composition using energy dispersive X–ray analy-
sis. X–ray spectra were collected during cryo–SEM with a JEOL silicon drift detector
(Model EX–94300S4L1Q), energy dispersive spectrometer (EDS), at 129 eV resolu-
tion; silicon drift diode, 10 mm2 effective area, ultra–thin window (UTW) using JEOL
Analysis Station JED–2300 Series (v.3.84) standard software. Microanalysis acquisi-
tion conditions were typically 10 keV, 10 mm working distance and 200 seconds live
time acquisition with low count rates circa 200 to 500 CPS. The low count rates were
a result of the small probe current required to reduce specimen charge up that could
otherwise compromise the accuracy of the microanalyses.
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6.3.7 Surface (ZETA-) Potential Measurements
The Brookhaven ZetaPALS apparatus utilises phase analysis light scattering (PALS)
to determine the electrophoretic mobility of charged particles. To provide insight into
the adsorption of gas molecules at the water/sold interface of hydrophobic fumed silica
particles, a ZetaPALS apparatus was used to measure the surface (zeta) potential of
particles. The ζ–potential of R972 and H18 silica particles were measured at room
pressure and temperature before and after being pressurised (saturated) with either
N2 or CO2 gas. For measurement, samples were transferred to a cuvette, loaded to the
ζ–potential device, and the average of three measurements recorded. To ensure the
quality of measurements, the following protocols were used:
• A diluted mixture of both hydrophobic silica particles in a background of KCl
10−4 M solution was used to enhance overall stability and accuracy.
• The mobility of silica particles immediately after the sample were either mixed or
pressurised was a potential source of instability. The immediate effects of mixing
and pressurisation were reduced using the following techniques: Immediately
after mixing, the total volume of each mixture was divided into three aliquots.
The first was kept immobile for 24 hours to stabilise then measured. The second
and third aliquots were immediately pressurised for 24 h at 2 bar by N2 and CO2
gas, respectively. After almost 24 h it was assumed that these mixtures were
saturated with gas. The pressure vessel was then depressurised and the liquid
inside transferred to a covered glass beaker and kept immobile for 24 hours to
stabilise.
• The possibility of heterocoagulation of silica particles and gas bubbles was checked
and rejected on the basis of the monomodal (single–peak) electrophoretic spectra
for each suspension (Mitchell et al., 2005).
6.4 Results
6.4.1 Kinetics
The effect of particle hydrophobicity and concentration on the kinetic of CO2 hydrate
formation was studied. A temperature and pressure curve diagram is an effective tool
to probe the rate of hydrate formation. This will result in a better understanding of the
underlying mechanisms of CO2 hydrate formation. Therefore, the reactor pressure and
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Figure 6.2: Comparison of CO2 hydrate formation kinetic curves obtained for different
ratios of hydrophobic fumed silica R972 to water. P=Pressure and T=Temperature
temperature were measured as a function of time. An example of a working diagram of
the method for the determination of the formation of carbon dioxide hydrate is repre-
sented in Figure 6.2. Pressure and temperature curves show that as a certain amount
of CO2 with 500 psi pressure was loaded to the reactor, initially, a sharp decrease of
pressure was observed. This sharp decrease in pressure was mainly attributed to the
solubility of carbon dioxide in water (Sabil et al., 2010a). Once the liquid phase is satu-
rated with carbon dioxide after a few minutes (induction time) the nucleation occurred
and hydrate growth started. The pressure of the system decreased continuously due
to the hydrate growth. It is worth mentioning that as the formation of gas hydrates is
an exothermic process, heat transfer always accompanies hydrate formation as well as
mass transfer. Increasing the temperature and pressure drop (as a result of consuming
CO2 gas) during the formation of hydrates will result in a smaller driving force, how-
ever, the pressure and temperature of the system was checked according to the CO2
hydrate phase diagram to be in the suitable range for the formation of hydrates.
The plots of the pressure and temperature changes and associated times are shown
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in Figure 6.2 for the SF and Figure 6.3 for the DW hydrates. A sudden rise of tem-
perature indicates the onset of hydrates formation during which entrapment of the gas
molecules in the solid phase occurred. The temperature peak in the presence of silica
particles was not sharp. As shown in these figures once the temperature reached the
highest point stayed high for a long period (broad peak) and then decreased gradually
during the hydrate growth. In fact the temperature rise shows that the nucleation had
already finished and the crystals started to grow. We presume that the broad peak
on temperature is due to the long hydrate formation time which is almost 3 hours
on average. During this period most of the liquid phase converts to hydrate crystals
and blocked the reactor to the extent that the rotation of the impeller has stopped.
During hydrate growth the CO2 gas was consumed and caused continuous pressure
drop in the system. Each curve in Figure 6.2 and Figure 6.3 show only one of several
samples of CO2 hydrate, which was measured. Curves for other samples have identical
feature. Comparing these two figures it was observed that the level of hydrophobicity
and the amount of particles affect the pressure drop. However, for the case of H18
(DW) Figure 6.3 does not clearly show the effect of particle concentrations on pressure
drop. More investigation on gas consumption was required.
6.4.2 Gas Consumption
The number of moles of carbon dioxide at each point was calculated from the pressure–
temperature data by applying the Peng–Robinson equation of state (more details were
described in our previous publication (Farhang et al., 2014b)).
The CO2 gas consumption (gas uptake) curves for both SF and DW systems con-
taining different ratios of silica R972 and H18 are shown in Figure 6.4 and Figure 6.5,
respectively. All silica ratios for SF and DW tested consumed more CO2 during hy-
drate formation than the PW controls. The amount of gas consumed for the SF and
DW systems increased throughout the 24 h period, unlike PW which did not increase
in the period between 1 and 24 h. As shown in Figure 6.4, for SF when the ratio of
silica to water is low about 1 and 2 %wt. a maximum gas uptake of 0.33 and 0.3 moles
was reached after 24 h. After that by increasing this ratio the gas uptake decreased.
Nonetheless, the same maximum gas uptake of 0.33 moles was reached after 24 h by
the two lowest (2 and 3 %wt.) H18 silica ratios tested (see Figure 6.5). For SF, the
two highest R972 silica ratios tested (4 and 5 %wt.) only reached a maximum gas
uptake of 0.21 and 0.13 moles respectively after 24 h. For DW the two highest H18
silica ratios tested (5 and 6 %wt.) reached a maximum gas uptake of 0.28 and 0.25
moles respectively after 24 h. In other words, the CO2 gas consumption for the higher
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Figure 6.3: Comparison of different CO2 hydrate formation kinetic curves obtained in
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Figure 6.4: Effect of the ratio of silica R972 to water on the number of CO2 molecules
consumed during hydrate formation.
H18 silica ratios of DW was more than those for the higher R972 silica ratios of SF.
The enhanced hydrate formation by DW across all H18 silica ratios can be seen
more clearly in Figure 6.6 which plots the maximum constant CO2 uptake (after 24 h)
from Figures 6.4 and 6.5, for SF and DW against silica ratios. We presume that the
unique powder like structure of DW contributed to this effectiveness.
6.4.3 CO2 Conversion
The ratio between the CO2 gas converting to hydrate and the total CO2 in the system
before hydrate formation is called the CO2 conversion. Increasing the percentage of gas
converted to hydrate is important in hydrate studies focused on storage, transportation
and CO2 capture applications. At the end of each experiment, the amount of gas
converted to hydrate crystals was calculated following the procedure explained in our
recent publication (Farhang et al., 2014b).
The effect of silica concentration and type on CO2 conversion is presented in Fig-
ure 6.7. The results indicate that DW caused a significant increase on this factor. The
best conversion obtained with the current system was almost 48.2±1.2% in DW with
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Figure 6.7: Effect of hydrophobic fumed silica R972 and H18 and their concentration
on the conversion of CO2 to hydrate after 24 hours.
the ratio of 3 %wt. silica H18. Although increasing the ratio of silica H18 to water
cause a drop in CO2 conversion it was not significant. In fact the CO2 conversion did
not go less than 40% while the ratio of silica was as high as 6 %wt. The results of
CO2 conversion also confirmed that particle hydrophobicity plays a role in promoting
gas hydrate formation. However, DW seems to be a more suitable material for CO2
capture and storage in the form of hydrates. On the other hand by increasing the
amount of R972 silica particles the CO2 conversion decreased considerably. While in
the presence of 5 %wt. R972 only 19.6% of CO2 gas converted to hydrate. One possible
explanation for this behaviour of SF is that adding silica R972 causes the formation
of foam which provides a bigger surface area and enhances CO2 uptake. On the other
hand by increasing the amount of solid particles the barrier between water and gas
molecules was increased which prevented the direct contact between gas and water
molecules. Therefore, at the maximum point the first factor was more dominant.
6.4.4 Induction Time
Induction time i.e. the time required for hydrates nucleate is an important character-
istic of the kinetics of the gas hydrate crystallisation process. In most of the hydrate
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Figure 6.8: Induction time for CO2 hydrates formation versus hydrophobic fumed silica
concentrations.
studies it was found that the induction time measurement is not reproducible. De-
pending on the system configuration and conditions, the nucleation time can vary from
minutes to hours or days (Koh et al., 2011). With our current experimental condition
a period of a few minutes (less than 1 hour) was required to rearrange the host and
guest molecules into the crystal structure. In this work the induction time was con-
sidered as the time that the temperature began to increase and the results are shown
in Figure 6.8. Although the induction time is an uncertain and random value for each
individual experiment and changes from time to time, the results in this figure show
the average induction period for R972 (SF) is significantly longer than H18 (DW). In
the presence of DW the formation occurs very quickly after pressurising the sample
with CO2. The short induction time (less than 5 minutes) shows that DW facilitates
the CO2 hydrate formation more than foam.
6.4.5 Hydrate Growth Rate
The amount of gas consumed in the liquid phase during hydrate growth is directly
proportional with the hydrate growth rate. Therefore, the rate of gas consumption
could be considered as the rate of hydrate growth (Abay et al., 2011; Abay , 2011).
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Figure 6.9: Effect of the ratio of silica R972 to water on growth rate versus time curves
of CO2 hydrates The smaller graph shows the first 3 mins in more detail.
Graphs in Figure 6.9 and Figure 6.10 demonstrate the growth rate of CO2 hydrates
in SF and DW, respectively. As the induction time was different for each sample only
growth period is displayed in these figures, i.e., t=0 implied the moment when the
hydrate initially formed. The graphs show that in the presence of both H18 and R972,
almost 2 hours was required until the gas consumption rate reaches zero. It shows that
the formation rate is quite long for such a small reactor. To clearly demonstrate the
effect of silica concentration on the formation rate, the first few minutes are enlarged in
the small graphs on Figures 6.9 and 6.10. In both systems it was observed that when
the ratio of silica to water was low, the rate of gas consumption was higher. The lower
ratio of silica to water accelerate the adsorption of CO2 in water while by increasing
the ratio of silica to 5 and 6 %wt. the rate of gas consumption reduced considerably.
6.4.6 Comparison of Dry Water and THF
The results of our experiments have shown that DW effectively promotes the formation
of CO2 hydrates. In order to determine the level of effectiveness the results were
compared to THF, an efficient CO2 hydrate promoter. The results showed that DW
performance in all tests is comparable to THF performance (see Figure 6.11). In this
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figure only the data related to CO2 conversion are presented. However, other factors
follow similar trend. Other reasons that make DW an attractive material as hydrate
promoter are the advantages of silica over THF as it is not toxic, volatile and flammable.
Therefore, further investigation on using DW in CO2 separation or other applications
of gas hydrates is recommended.
6.4.7 Synergic Effect of THF and DW on CO2 Hydrate For-
mation
There was no synergic effect observed for THF and DW for any of the mixture ratios we
tested (Figure 6.11). The 1 %wt. THF to 3 %wt. DW mixture produced only a small
increase in CO2 conversion i.e. from 48.21% to 49.76%. When the standard errors are
considered this small increase is negligible. The other ratio mixtures produced similar
small variations e.g. replacing 1% of DW with THF (2 %wt. DW + 1 %wt. THF)
caused the CO2 conversion to decrease only slightly. An increase in the ratio of THF to
DW, results in a concomitant decrease in the overall performance of the system. This
result was attributed to the fact that H18 is siloxane hydrophobic, with silicone chains
anchored to the SiO2−skeleton. Because siloxane solubility in THF is very high, H18
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will lose its hydrophobicity in THF. In the presence of 3 %wt. THF, foam instead of
DW powder formed.
6.4.8 Cryo–SEM Imaging
Cryo–SEM was revealed as an effective tool to elucidate the general morphology, pore
structure, phase distribution and composition of the three CO2 hydrate samples formed
in PW, SF, and DW. Prior to any SEM imaging, coating test was performed on one
hydrate sample to confirm that surface topology was not altered by the coating process.
As shown in Figure 6.12, the sputter coating regime did no damage, with the uncoated
and coated regions of the test essentially identical in appearance. The coated sample
displayed reduced charge up and increased resolution compared to the uncoated sample.
This finding led us to carry out any further imaging on coated hydrate samples.
To investigate the effect of silica type on general morphology of CO2 gas hydrate
three types of CO2 hydrate samples were imaged i.e. CO2 hydrate formed in: (1)
pure water; (2) 3 %wt. silica R972; and (3) 3 %wt. silica H18. Individual sample
regions were routinely imaged in a magnification series from 100 to 3000X and shown
in Figure 6.13(a-l). Images on the top row show the lowest magnification of three
samples. Cryo–SEM, SE and BSE imaging was an effective tool to reveal coarse and fine
details of CO2 hydrate pore structures. All three forms of CO2 hydrates examined were
developed as porous material and were composed of pervasive and isolated macropores
within a dense substrate, but the pore size and distribution differed between PW, SF
and DW. The pores in PW were roughly in the range of 70 µm or larger but for SF
and DW it was mostly 30 µm or smaller. The porous structure could be a reason for
further gas consumption and long formation time.
At low magnifications the macropores formed in PW were seen clearly as smaller and
more isolated than those of the SF and DW samples. Examination of the hollow cavity
walls at higher magnifications revealed that the PW pores surfaces were smoother
and the cavities less deep than those of SF and DW. BSE imaging provided atomic
number contrast that clearly revealed the distribution of silica particles on the surface
of the hydrates (see Figure 6.14 and Figure 6.15). In SF, the silica R972 particles were
accumulated in stacks on the surface and were revealed clearly by their bright contrast
(Figure 6.14). Many tiny, almost spherical structures circa 1–5 µm were observed only
in DW (Figure 6.13k and l). These structures were presumed to be micro-droplets
and thus be the original sites for hydrate nucleation. They were not stacked and were
integrated into the surface more than the silica particles observed for SF.
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Figure 6.12: SEM secondary electron micrographs of synthetic CO2 hydrate formed in
3 %wt. hydrophobic fumed silica R972 (=SF). The left column shows the uncoated
sample imaged at 2 kV and 100 K, and the right column shows the same sample
regions after sputter coated with Pt for 120 seconds at 10 µA and 100 K in the
cryo-preparation chamber. Scale = 100 µm (a,b); 10 µm (c,d,e,f,); 1 µm (g,h).
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Figure 6.13: SEM secondary electron micrographs of CO2 hydrate formed in (a–d)
pure water, (e–h) R972 (=SF) and (i–l) H18 (=DW). Outlined areas in each image
are enlarged in the images immediately below them in the same row. Scale = 100 µm
(a,e,i); 10 µm (b,c,f,g,j,k,); 1 µm (d,h,l).
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6.4.9 EDS Analysis
EDS was valuable to confirm the distribution of silica in the SF and DW hydrates.
Carbon and Oxygen were detected in all the samples analysed (see Figure 6.14 and
Figure 6.15). The strong oxygen peak observed for all samples was assumed to be due to
the ubiquitous presence of water and CO2 molecules. It has been postulated previously
by Stern et al. (2004) that an identifiable carbon peak indicates the presence of guest
gas molecule (here CO2 is the guest). We did not consider the detected presence of
carbon evidence enough to distinguish CO2 gas hydrate from ice in our samples. It is
related to both carbon dioxide and possible contamination in the system.
Silica particles were detected by BSE contrast and EDS in selected regions of the
CO2 hydrates formed in SF and DW Figure 6.14 shows that in many parts of the
hydrate sample silica R972 is dispersed non–uniformly. As shown by the EDS spectra
silica was not detected on the flat compact surface of the crystal (region 1) and the
bright, loose “fluffy” and occasionally spherical areas of the surface were confirmed
by EDS to contain silica (regions 2 and 3). This non–uniform distribution of silica
was presumed to derive from the accumulation of silica particles between crystal layers
during formation of the hydrate. Figure 6.15 confirmed that the integrated spherical
objects of the DW sample contained silica (regions 4 and 5). Conversely, on the flat
surface (region 6) no silica was detected.
6.4.10 Surface (ZETA-) Potential Measurements
Table 6.1 presents the results of ZETA potential (ζ–potential) for both types of silica
particles (R972 and H18) measured before and after being pressurised (saturated) with
gas. Before saturation, the ζ–potential of silica particles R972 and H18 was different
i.e. −34.59 and −43.97 mV, respectively. After saturation with N2 gas the ζ–potential
for both R972 and H18 particles were decreased to a uniform value i.e. −28.41 and
−28.20 mV, respectively. Similarly, after saturation with CO2 gas, the ζ–potential
for both R972 and H18 particles was decreased to a uniform value i.e. −19.78 and
−19.44 mV, respectively. This result indicates that the ζ–potential measured after
saturation is a function of the type of gas, rather than the type of silica particle.
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Figure 6.14: SEM back scattered electron micrograph of CO2 hydrate formed in R972
(=SF). EDS point analysis results of the numbered regions of the samples are shown
on the right. Scale = 10 µm.
Table 6.1: Experimental results of zeta potential of hydrophobic silica particles
ζ–potential (mV) ζ–potential (mV)
Before pressurising Silica R972 −34.59±0.06 Silica H18 −43.97±0.22
Pressurised by N2 −28.41±0.18 −28.20±0.18
Pressurised by CO2 −19.78±0.12 −19.44±0.18
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Figure 6.15: SEM back scattered electron micrograph of CO2 hydrate formed in H18.
EDS point analysis results of the numbered regions of the sample are shown on the
right. Scale = 10 µm.
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6.4.11 High–Resolution X–ray Micro Computed Tomography
(HRXMT)
In order to understand the behaviour of DW in the hydrate formation system and
the mechanism of promoting hydrate formation in the system containing DW it is
crucial to know the structure of DW. For the present study we hypothesised that
the gas adsorption performance of DW depends on the statistical characteristics of
droplet microstructures, such as particle size, shape, interfacial area, etc. It is possible,
however, that the s high pressure and low temperature conditions required for hydrate
formation could considerably influence its structure. Our research group recently used
a novel high–resolution X–ray micro computed tomography (HRXMT) successfully as
a non-destructive tool for visual and quantitative examination of the inner structure
of DW (Farhang et al., 2013, 2014a). Their study examined only DW and the effect
of low temperature, high pressure and stirring on its structure and stability. HRXMT
requires a stable sample for almost 3 hours and is unsuitable for analysis of SF. It is
salient to present below, a summary of results from our previous publication that are
germane to the present study and the relevant HRXMT images (Figure 6.16).
It was shown that DW is made of microdroplets with a wide size range between 100
and 5500 µm which provide a very high surface area (and therefore large contact area
with gas molecules). Due to the fact that the interface between water and gas phases
represents an ideal location for the formation of gas hydrates , increasing the surface
area enhances the formation process. Since no research has been completed on the effect
of high pressure and stirring on the structure of DW, in the second part of that research
we conducted a series of experiments to investigate the stability of DW droplets under
hydrate forming conditions which are high pressure, low temperature and stirring.
Each factor was tested individually. The results indicated that low temperature does
not affect the structure. Most of the water droplets remained unchanged after cooling,
whereas high pressure and stirring destroy part of the droplets structure and push the
water out of the silica shell. XCT images revealed that only big droplets were destroyed
in such condition. The silica shell around the tiny water droplets did not broke under
sever pressurising and stirring, thus the small droplets and kept their spherical shape.
Figure 6.16 demonstrates the discrete water droplets and their average size before and
after pressurising and stirring.
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Figure 6.16: Reconstructed HRXMT images of dry water samples (first row) show the
effect of high pressure (second row) and stirring (third row) on the structure of dry
water and droplet size. Although after pressurising and stirring part of the structure
was destroyed, some tiny microdroplets still exist in the sample and provide high con-
tacting surface area between water and gas. Results were derived from Farhang et al.
(2013, 2014a).
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6.5 Discussion
The results of this work showed that both SF and DW enhance the formation of CO2
hydrates. However, DW better enhances the formation of CO2 hydrates than SF. We
attribute this ability to the unique structure of DW which provides a comparatively
large surface area to facilitate and accelerates gas hydrate formation. For DW, the
large surface area is most likely provided by small droplets measuring 200 and 300 µm
across on which hydrate crystals can readily start to nucleate XCT images of DW
showed that for all silica ratios tested, a high percentage of all droplets formed fell into
this size range. These small droplets were resistant to severe conditions such as high
pressure and shear mixing forces and able to shape their form. Presumably these small
droplets which have a high surface area act as hydrate nucleation sites and the hydrate
crystals start to nucleate there.
Any change in the interfacial properties can however, affect the formation of gas
hydrates, not just a high surface area. From microscopic point of view two factors
must be considered here. The first is the effect of hydrophobic particles on the struc-
ture of water at the solid water interface. The properties of liquid water close to a
hydrophobic solid surface are distinctly different from those in the bulk (Scatena et al.,
2001). The repulsive interactions between the hydrophobic substrate surface and water
molecules cause structural changes that extend into the bulk liquid over the so–called
hydration layer. The solid–fluid interaction can lead to ordering into molecular layers
parallel to the surface (Maccarini , 2007). Thus, the properties of liquid water near
hydrophobic surface are of fundamental importance in understanding the promoting
effect of hydrophobic particles on gas hydrate formation. Computer simulations (Mac-
carini , 2007) and experimental studies using sum frequency generation spectroscopy
(SFG), neutron and x–ray scattering have been conducted to study the structure of
the H–bond network near the hydrophobic solid surface (Du et al., 1994). Research
showed that near small hydrophobic object, water molecules arrange in a clathrate-like
geometry of the hydration shell surrounding the solute. Hydrogen bonding groups are
oriented parallel to the solute surface (Hus , 2011; Rapaport and Scheraga, 1982). This
demonstrates that when hydrophobic fumed silica particles are presented in the system
they cause a change on water molecules geometry and reorient them to a favourable
arrangement for hydrate formation. The second factor is the effect of hydrophobic
particles on gas adsorption. In order to study this effect we measured the surface po-
tential of the hydrophobic silica particles before and after exposing to different gases
to provide new insight into the adsorption of gas molecules at the surface of particles.
Our measurements of ζ–potential in our experimental system containing water and hy-
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drophobic particles indicate that gas molecules accumulate at the water hydrophobic
solid interface of the silica particles when it is saturated with gas. Presumably a mono-
layer of gas molecules formed on the surface and covered the hydrophobic particles.
The fact that ζ–potential of both silica particles after saturation with gas were equal
regardless of particle type confirmed that the measured surface potential was related
to the gas layer adsorbed on the surface of particles not the particle itself.
The inferred mechanism for hydrate formation in DW is useful to discuss a putative
sequence for the process that facilitates hydrate formation. This mechanism has been
illustrated in Figure 6.17. This schematic demonstrates that in the system containing
PW, water molecules at the liquid/vapour interface are not arranged in a clathrate like
geometry (Figure 6.17a). When hydrophobic silica is added, water molecules near the
hydrophobic surface reorient and arrange in a clathrate like geometry favourable for
gas hydrate (cage) formation (Figure 6.17b). At the same time more gas molecules are
adsorbed and accumulate at the surface of hydrophobic particles which increases the
concentration of gas molecules close to the water phase (Figure 6.17c). It is presumed
that gas molecules exposed to the water molecules in this way primed to form clathrate
hydrate cages that facilitate the formation of hydrate.
6.6 Conclusion
It has been found that two different types of hydrophobic fumed silica particles with
different level of hydrophobicity enhance the kinetics of the formation of CO2 hydrates
depending on their concentration. The structure of water at the gas/water interface
plays a major role in hydrate formation and hydrophobic fumed silica affect this struc-
ture. A new mechanism for the formation of gas hydrates in the presence of solid
particles is inferred on the basis that hydrophobic fumed silica forms a gas layer be-
tween the hydrophobic solid surface and water that increases the gas adsorption at the
liquid/solid interface. It was also found that dry water has advantage over foam due
to its special structure. Dry water promotes the formation process more considerably,
because of the high surface area provided by tiny water microdroplets covered by a shell
of silica nano particles which retain their shape under high pressure and presumably
act as hydrate precursors and nucleation sites.
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Air/Water interface
(a)
Hydrophobic surface
(b)
Gas layer
adsorbed at the
hydrphobic surface
Hydrphobic surface
(c)
Figure 6.17: Schematic presentation of the proposed mechanism for hydrate formation
in dry water: (a) water molecules at the air–water interface (b) clathrate geometry
of water molecules at the hydrophobic surface (c) gas layer adsorbed at the surface
of hydrophobic particle in contact with reoriented water molecules promotes hydrate
formation.
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Conclusion and Recommendations
for Future Works
7.1 Comprehensive Conclusion
In this thesis the kinetics of the formation of CO2 hydrates were studied in the pres-
ence of two groups of additives: salts and hydrophobic particles. The conclusions are
summarised as follows:
Salts: The first step was to evaluate the effect of the type and concentrations
of salts as additives on the formation of CO2 hydrates. Sodium halides in a wide
range of concentrations were investigated for their effect on accelerating or inhibiting
the formation of CO2 gas hydrates in an isochoric system. Monitoring pressure and
temperature of the system during the formation and growth of CO2 hydrate indicated
that the largest pressure drop occurred in the presence of 50 mM sodium halides (this
is called transition concentration in this work). Generally, the pressure drop in the
presence of NaCl and NaF was not as significant, whereas in the presence of NaI and
NaBr the pressure drop was considerable. Maximum gas uptake, CO2 conversion and
storage capacity have been calculated for each system and it was found that among
all sodium halides sodium iodide shows the best performance. It was shown that
although highly concentrated salts are generally known as hydrate thermodynamic
inhibitors, NaI and NaBr in concentrations lower than 500 mM are kinetic promoters
and increase the rate of hydrate formation. AAS analysis of the CO2 hydrates formed
in saline water showed that gas hydrates are not completely salt–free and include a
small amount of ions. Ions may not enter the hydrate cages. That the absolute value
of zeta potential is highest at the transition concentration. When the salt concentration
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is low, anions are mostly adsorbed at the surface of hydrate crystals; whereas, at higher
salt concentrations, anions are mostly solvated in water, causing the water structure
to be more disturbed and hinder the hydrate formation process. Overall the system’s
behaviour depends on both the ability of ions to disturb the hydrogen bond network
in bulk water and to weaken the hydrogen bonds at the surface of water. This is
the reason for the different behaviour of the system at transition concentration where
hydrates formed more easily with the highest conversion percentage compared to other
salt concentrations. When the concentration of the halide anion added to the water
is increased, the more disordered hydrogen–bonding network of the bulk prevails and
consequently hinders the hydrate formation.
Dry water (DW): To understand the role of DW and its unique structure on
promoting the formation of gas hydrates, its inner structure was characterised both
visually and quantitatively. First cryogenic and low vacuum scanning electron mi-
croscopy techniques were employed for this purpose. These methods were unsuccessful
and both frozen and unfrozen particles collapsed due to the effects of both the electron
beam and a vacuum on the encapsulated water which boiled the water and destroyed
the silica shell afterwards. To overcome the difficulties related to SEM, in the second
step we employed a novel and non–destructive technique using HRXMT. The results
successfully showed the effect of silica concentration on the statistical characteristics
of DW microstructure such as DW number, surface area and volume distributions.
The structure of DW and coalescence of droplets after exposure to low temperature,
high pressure and stirring was characterised. The results showed that low tempera-
ture did not affect the structure effectively while high pressure and slow stirring broke
down the structure fairly readily with separation of DW into the primary solid and
liquid phases. However, the statistical analysis showed that most droplets with di-
ameter smaller than 200 µm survived severe conditions and remained unchanged in
the system. These findings helped us to understand the role of DW in promoting the
formation of gas hydrate.
Hydrophobic particles: The effect of particle hydrophobicity and concentration
on the kinetics of CO2 hydrate formation was established by measuring gas consump-
tion, CO2 conversion, induction time and hydrate growth rate. The two types of
hydrophobic particles used for this study (both SF and DW) promoted the kinetics
of CO2 hydrate formation. The results showed that the promoting effect depends on
the particle hydrophobicity and concentration. DW better enhances the formation of
CO2 hydrates than SF. This is related to the unique structure of DW, which provides
a comparatively large surface area on which hydrate crystals can readily start to nucle-
ate. In this part of the study we investigated the effect of hydrophobic particles on the
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structure of water at the solid water interface and found that several research studies
had already shown that the properties of liquid water close to a hydrophobic solid
surface are distinctly different from those in the bulk. Near small hydrophobic objects,
water molecules arrange in a clathrate–like geometry of the hydration shell surrounding
the solute. The properties of liquid water near hydrophobic surface are of fundamen-
tal importance in understanding the promoting effect of hydrophobic particles on gas
hydrate formation. In this work we studied the effect of hydrophobic particles on gas
adsorption by measuring the surface potential of the hydrophobic silica particles before
and after exposure to different gases. The results of these measurements provided new
insight into the adsorption of gas molecules at the surface of hydrophobic particles. It
was indicated that gas molecules accumulate at the water hydrophobic solid interface
of the silica particles when it is saturated with gas. Cryo–SEM combined with EDS
was used to examine the morphology, microstructure, pore characteristics of CO2 gas
hydrates and elemental composition of the samples. CO2 hydrate samples were de-
veloped as porous material and were composed of pervasive and isolated macropores
within a dense substrate but the pore size and distribution differed between PW, SF
and DW. Many tiny, almost spherical structures approximately 1–5 µm were observed
only in DW that were presumed to be micro–droplets and thus to be the original sites
for hydrate nucleation.
This study provided further detailed information on how hydrophobic fumed silica
promotes the formation of gas hydrates. On the basis of the results of this work a new
mechanism for the formation of CO2 hydrate in DW was proposed. Understanding
the mechanism can help us to further develop an economical process by using suitable
additives.
7.2 Recommendations and Future Works
In order to extend upon the work in this thesis, the following research is recommended
for further investigations:
• Examine other nano–particles with high surface area such as MWCNT and com-
pare them with DW.
• Study water orientations around hydrophobic particles and in low concentration
of salt by means of molecular dynamic simulations.
• Model the results to find the kinetic parameters of the reaction in the presence
of hydrophobic particles.
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• Examine the hydrate samples by Raman spectroscopy to determine the hydration
number and compare the cage occupancy in the presence of each additive.
• Study the effect of low concentrated sodium halides on water orientation at the
air/water interface by a method like SFG.
• Develop a practical method to study water orientations near hydrophobic surfaces
using sum frequency generation (SFG) spectroscopy.
• Study the pore structure and pore distribution in gas hydrate samples using
HRXMT.
It is also recommended that the following modifications be made to the current
experimental apparatus in order to increase the number and accuracy of measurements
and decrease the time taken per experiment:
• Increase the number of reactors to two and run them in parallel. This would
increase the number of experiments that can be tested at the same time and also
it provides the opportunity to decrease the surrounding influencing factors (e.g.
room temperature) that might induce error to the measurements (e.g. induction
time).
• Install a flowmeter to the gas line to control and measure the gas flow rate
accurately. This would reduce the errors in the number of gas molecules entered
the reactor at the beginning.
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